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Preface

This Special Issue is Guest-Edited by Dr. Alexandru Schiopu (Department of Clinical Sciences

Malmo, Lund University) who is specialized in cardiovascular research and cardiology, and vascular

surgeons Dr. Eliza Russu and Dr. Emil Marian Arbanasi (Department of Vascular Surgery, George Emil

Palade University of Medicine, Pharmacy, Science and Technology of Targu Mures). The distinguished

authors of the 14 published papers come from 10 different countries and research groups.

Despite intensive worldwide efforts, the underlying mechanisms of COVID-19-induced

coagulopathy remain largely unknown. This collection provides insights into the modifications

of normal coagulation patterns during the acute and late scenarios of COVID-19. The authors aimed

to shed light on the pathophysiology of the virus-induced coagulopathy and discuss, from this

perspective, the role of the addressed therapies. The purpose was to publish relevant papers presenting

some of the most important current advances in understanding the molecular pathways and clinical

manifestations of thrombo-embolic events in COVID-19 patients. As we published the results of our

own work, presenting our Vascular Surgery Clinic data during the pandemic, and as Dr. Schiopu is a

prominent researcher with significant contributions to the field of molecular pathways, we united our

efforts in research focused on the coagulation malfunction which arises in this viral infection as one of

its major complications.

We wish for this research to be available to all medical personnel, students or researchers wanting

to stay up-to-date on these topics.

Alexandru Schiopu, Emil Marian Arbănas, i, and Eliza Russu

Editors
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The Special Issue on COVID-19 coagulopathy initiated one year ago aimed to shed light
on the mechanisms underlying the changes in the coagulation status making SARS-CoV-2
infection such a tough adversary for every one of the medical specialties encountering it,
along with overseeing the therapeutic applications derived from the current understanding
of these mechanisms.

Every emergency and ICU compartment admitting critical patients during the SARS-
CoV-2 pandemic fought against the clinical manifestations of arterial and venous thrombo-
sis, along with a variety of severe disorders affecting almost all organs and systems [1–5].

Bacterial infections are associated with disseminated intravascular coagulation (DIC),
but COVID-19 coagulopathy differs from DIC occurring during severe bacterial infections
and sepsis. In sepsis-associated DIC, disease severity and mortality were associated with
a low platelet count and platelet time (PT) prolongation, whereas severe COVID-19 co-
agulopathy was best reflected by increased levels of D-dimers. Laboratory, clinical, and
histopathologic findings suggested that COVID-19 coagulopathy is characterized by dysreg-
ulated hemostasis, leading to the formation and degradation of micro- and macrovascular
thrombi [6]. There appears to be a close link between severe systemic inflammation and
dysregulated hemostasis in the pathophysiology of the disease [7]. COVID-19-related coag-
ulopathy is also associated with thrombocytopenia. In a meta-analysis of 7613 COVID-19
patients, Julien Maquet et al. [8] have shown that thrombocytopenia was worse in the
critically ill group compared to patients with mild forms of the disease.

The “two-path unifying theory” of hemostasis and endotheliopathy aimed to explain
the imbalance between coagulation and inflammation. Viral protein S adhesion to endothe-
lial membrane angiotensin-converting enzyme (mACE2) is a widely recognized pathway
for viral penetration into the cells [9]. ACE-2 polymorphisms, alongside gender, race and
age differences, are the major factors contributing to the wide variability in COVID-19
deaths, as Wooster et al. [10], Santosh et al. [11], and Srivastava et al. [12] have shown in
their reports.

The main role of ACE-2 is the degradation of angiotensin II at the endothelial surface,
counteracting its potent vasoconstrictor and pro-inflammatory effects [13]. Experimental
studies have shown how the injection of the recombinant SARS spike protein led to elevated
levels of angiotensin II in mice, possibly via the downregulation of ACE-2 expression
on the endothelium. In turn, treatment of the mice with angiotensin II receptor type
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1 (AT1R) blockers reduced disease severity [14]. Thus, understanding the role of the
interplay between ACE-2, ACE, and their receptors in the pathogenesis of COVID-19 is
very important. The downregulation of endothelial ACE2 as a consequence of SARS-CoV-
2 infection inhibits the vasodilator, anti-inflammatory, and anti-coagulant effects of the
enzyme, leading to endothelial dysfunction, vasoconstriction and a prothrombotic status.
Recombinant human ACE-2 has been tested as a potential therapy for acute lung injury, as
it may act as a decoy receptor for SARS-CoV-2 in the circulation and prevent the binding of
the virus to the endothelium [15,16].

The virus invades type II pulmonary alveolar and endothelial cells, releasing danger-
associated molecular patterns (DAMPs), proinflammatory cytokines, and chemokines. The
subsequent activation of leukocytes and platelets leads to a cytokine storm, characterized
by a potent release of interleukin-1, -6, -8, -10, and -12 (IL-1, IL-6, IL-8, IL-10, Il-12), tumor
necrosis factor-alpha (TNF-α), interferon-γ, C–X–C motif chemokine 10, and monocyte
chemoattractant protein-1 [7]. These inflammatory mediators trigger the further recruit-
ment and activation of leukocytes and platelets, activation of the coagulation cascade, and
generation of intravascular thrombin in a continuous loop [7].

COVID-19-associated microthrombosis is initiated via the endothelial exocytosis of
ultra-large von Willebrand factor multimeric glycoproteins and antihemophilic globulins
A from the Weibel–Palade bodies. If the ADAMTS-13 levels are insufficient to cleave
the large vWF multimers, the latter will activate intravascular thrombosis by anchoring
to the damaged endothelial cells and recruiting platelets, triggering the formation of
“microthrombi strings” [17]. The generation of antibodies against ADAMTS13 appears to be
a frequent and unique finding in COVID-19, supporting “COVID-19 immunothrombosis”, a
term coined recently to embed both micro- and macrovascular thrombotic events associated
with the disease [18].

COVID-19-associated pulmonary thrombosis is an in situ immunothrombosis not
related to venous thromboembolism, in which similar mechanisms involving endothelial
injury and a loss of anticoagulant properties can be incriminated [19].

It has also been proposed that the virus may trigger complement activation by acting as
a cofactor to enhance lectin pathway activation [20]. The terminal complement complex C5b-
C9 (MAC—membrane attack complex) causes the formation of pores on the membranes of
the endothelial cells leading to endothelial damage when the MAC-inhibitor CD59 is under-
expressed and cannot properly exhibit its regulatory function [21]. C5a can stimulate the
release of TF and plasminogen activator inhibitor-1 (PAI-1) and activate neutrophils, which
release cytokines and neutrophil extracellular traps (NETs). NETs are structures of DNA,
histones, and antimicrobial proteins that bind and kill pathogens. The excessive production
of NETs can facilitate microthrombosis by creating a scaffold for platelet aggregation, thus
contributing to the vicious pro-thrombotic circle [22].

The link between coagulopathy in viral infections and COVID-19 is discussed in a
recent review published in a Special Issue by Ragnoli et al. [23]. Two possible mechanisms
implicated in the pathogenesis of coagulation dysfunction during SARS-CoV2 infection
are reviewed here: the cytokine storm and virus-specific mechanisms related to the virus
interaction with the renin–angiotensin system and the fibrinolytic pathway. The role of
IL-1 and IL-6, as well as IL-18 is emphasized. Moreover, a reduction in endothelial nitric
oxide synthase activity and nitric oxide levels is cited as a possible pathogenic culprit of
endothelial dysfunction. They also discuss the very interesting topic of thrombocytopenia
induced by COVID-19 vaccination. In rare cases, the immune thrombotic thrombocytopenia
(VITT) syndrome was induced by the vaccine, particularly by the ChAdOx1 nCoV-19
vaccine (COVID-19 Vaccine AstraZeneca) [23]. The hypothesis is the possible recruiting of
antibodies against platelet factor 4 (PF4), inducing massive platelet activation and immune
thrombotic thrombocytopenia [24].

SARS-CoV-2 penetration into the cells is dependent on glycans with sialic acid (SA)
terminal moieties found on the viral spike protein (SP), which serve as the initial attachment
anchors to red blood cells (RBCs), platelets, leukocytes, and endothelial cells. Hemaggluti-
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nation is a defense mechanism used by RBCs and platelets against pathogens expressing
SA terminal moieties, involving pathogen attachment, followed by delivery to leukocytes
for phagocytosis, in a process termed “immune adherence”. The capacity of this initial
defense mechanism is surpassed in severe COVID-19 infections, leading to high levels
and sizes of RBC rouleaux (stacked clumps) exceeding the leukocyte capacity to sequester
them, as discussed in the review by Sheim et al. [25]. The risk factors of increased age,
diabetes, and obesity associated with COVID-19 were found to also be associated with
significantly increased RBC aggregation, another valuable conclusion by Sheim et al. [25].
SARS-CoV-2 SP attachments to RBCs were demonstrated directly by Lam et al. [26] through
immunofluorescence imaging. In this Special Issue, Boschi et al. [27] show that SARS-CoV-2
SP from various strains induced hemagglutination when mixed with human RBCs. These
results are in line with other studies documenting associations between RBC aggregation
and microvascular occlusion in severe COVID-19 [28,29].

Microthrombi in the heart, kidneys, and liver were also frequently observed in autopsy
examinations of COVID-19 patients, suggesting that these may have contributed to multi-
organ damage and failure. A report from Koutsiaris et al. [30] demonstrated the persistence
of microthrombosis even after recovery, as demonstrated by video capillaroscopy of the
ocular microvessels of severe COVID-19 patients within 28 days post-discharge.

Wada et al. [31] reviewed some of the most studied mechanisms of thrombosis as
important factors leading to a negative COVID-19 patient evolution: old age, long-time bed
rest and comorbidities, inflammation, cytokine storms, vascular endothelial injuries, PTE,
hypoventilation, a hypercoagulable state (including activation of the TF pathway), NETs,
hypofibrinolysis, and platelet activation. The authors illustratively compare the mechanism
underlying thrombosis in COVID-19 and bacterial infections.

The molecular mechanisms of direct and indirect effects of the spike protein on the
expression of adhesion molecules, markers of endothelial injury, and elevated inflammation
are presented in the work of Bhargavan and Kanmogne [32]. According to Wada et al. [31],
among the most valuable routine biomarkers for the evaluation of thrombosis in COVID-19
are CWA-APTT (clot waveform analysis of activated partial thromboplastin time) and
TF-induced factor IX activation assay (sTF/FIXa). Although D-dimer is useful for the
exclusion of VTE in COVID-19 patients, it is too unspecific for VTE diagnosis, as its cut-off
level is low in these patients.

Soluble platelet membrane glycoprotein VI (sGPVI) and soluble C-type lectin-like
receptor 2 (sCLEC-2) were also proposed as platelet activation biomarkers [33]. The
presence of activated platelets causing severe microangiopathy in patients with COVID-19
may be detected by the release of large amounts of sCLEC-2 into the blood [33]. Studies
have also detected a mild decrease in ADAMTS-13 in plasma, but the clinical significance
of this finding remains unclear [34].

Increased fibrinogen and PAI-I levels have been found to be the biomarkers of hypo-
fibrinolysis, reducing the capacity to dissociate thrombi. In advanced COVID-19 patients,
vascular endothelial cell injury markers such as soluble thrombomodulin (sTM), VWF, and
PAI-I are high, while AT (antithrombin) levels are low [35]. It is thought that the ensuing
hypo-fibrinolysis may contribute to organ failure in these patients [35].

The early recognition of a hyperinflammatory and hypercoagulation state would allow
for the timely application of preventive measures against a fulminant disease evolution. In
their study, Făgăras, an et al. [36] demonstrated that IL-6 and the neutrophil–lymphocyte
ratio (NLR) predicted disease severity in COVID-19 patients with diabetes mellitus (DM).
Significant associations between IL-6 levels and disease evolution have also been described
in non-diabetics [37]. Further studies are needed to elucidate the role of IL-6 in this context
to determine the cut-off values associated with worse outcomes and explore the potential
of IL-6 as a treatment target in COVID-19 [37].

A number of studies emphasized the procoagulant profile of COVID-19 patients during
the acute phase of the illness, but less is known about the short- and long-term effects. The
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long-term persistence of COVID-19-related coagulopathy, along with long-lasting lung
dysfunction, have been noted since the beginning of the pandemic [38–40].

Of particular interest for this Special Issue is the anti-coagulant therapy in COVID-19.
As the pathogenesis of SARS-CoV-2-induced coagulopathy is incompletely understood
and multifactorial, the use of antithrombotic therapy is difficult to standardize. Three piv-
otal phase III randomized clinical trials regarding antithrombotic agents were conducted,
starting from 2020: INSPIRATION, Remap/cap/ACTIV-4a/ATTACC, and RECOVERY
INSPIRATION Investigators [41–43]. The studies showed a lack of improvement in the
outcome of critically ill patients receiving intermediate-dose prophylactic anticoagulants.
This outlined the superiority of the therapeutic anticoagulant dose compared to the pro-
phylactic dose for the survival of non-critically ill patients, but not in the critically ill ones,
and the failure of Aspirin to reduce the 28-day mortality or progression to mechanical
ventilation/death in hospitalized patients [42]. Similarly, the ACTIVE-4a trial showed that
the use of P2Y12 receptor inhibitors did not improve the number of organ support-free days
in patients with mild forms of COVID-19 [44]. Importantly, the use of antithrombotic thera-
pies requires the careful balancing of thrombotic and bleeding risks. The measurement of
serum AT-III activity is recommended in the algorithm of evaluating SARS-CoV-2-infected
patients, as emphasized by the review of Szilveszter et al. [45].

According to guidelines, a prophylactic or therapeutic dose of low-molecular-weight
heparin (LMWH) should be administered to all patients as prophylaxis against venous
thromboembolism (VTE) and PTE, particularly in those with a high thrombosis risk (that
is, patients with elevated D-dimer levels) and a low bleeding risk [46]. For patients who
are transferred to an intensive care unit, increasing from a prophylactic to a therapeutic
LMWH dose is recommended. Patients with heparin resistance caused by AT-III defi-
ciency may be treated with direct thrombin inhibitors, such as Argatroban. The use of
oral anticoagulants is not recommended in COVID-19 [46]. Considering the substantial
contribution of inflammation to COVID-19-associated coagulopathy, the development of
anti-inflammatory therapies to treat COVID-19 might interfere with anticoagulation, raising
the risk of bleeding. The combined use of anti-inflammatory and anticoagulant drugs must
be evaluated in further clinical trials [47].

As underlined by the studies discussed above, we are happy to conclude that the
Special Issue “COVID-19 Coagulopathy: Advances in Pathophysiology and Therapies” has
brought important contributions to understand the underlying mechanisms of SARS-CoV-
2-induced coagulopathy to define diagnostic and prognostic biomarkers for COVID-19
patients, and discuss the potential anti-coagulant and anti-thrombotic therapies in this
complex disease.
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Abstract: In the context of the COVID-19 pandemic, this study investigates the potential correla-
tion between the increased use of antipsychotic medications and the rising incidence of venous
thromboembolism (VTE). As psychiatric disorders surged, the consequential escalation in antipsy-
chotic drug use raised concerns about thrombotic risks. We conducted a comprehensive literature
review using PubMed, focusing on articles that intersected COVID-19, antipsychotic medication, and
thrombosis. This approach allowed for a nuanced examination of the historical and recent data on
antipsychotic drugs and their association with thrombotic events. Our findings reveal a notable link
between the use of antipsychotic medications, particularly second-generation antipsychotics, and an
increased risk of VTE, including pulmonary embolism and deep vein thrombosis. This association
was evident, despite variations in study designs and populations. The study underscores the need
for cautious medication management in psychiatric care, especially during pandemic conditions
like COVID-19, to mitigate thrombotic risks. It advocates a personalized approach to prescribing
antipsychotics, considering individual patient factors and comorbidities, to balance the benefits
against potential thrombotic complications.

Keywords: antipsychotic medications; thrombosis; COVID-19

1. Introduction

In the shadow of the COVID-19 pandemic, a secondary crisis has emerged, marked by a
significant rise in psychiatric disorders [1,2]. This increase has necessitated the escalated use
of antipsychotic medications, a response that brings its own set of complexities and concerns.
Concurrently, there has been a noticeable uptick in the incidence of venous thromboembolism
(VTE), a condition characterized by the formation of blood clots in the venous system [1].

The parallel surge in both psychiatric disorders and VTE cases during this period has
prompted a compelling question: is there a link between the increased use of antipsychotic
medications and the heightened risk of venous thromboembolism?

Our research embarks on this quest, aiming to unravel the potential connections
between the management of psychiatric illnesses with antipsychotic drugs and the occur-
rence of VTE. This exploration is not merely academic; it holds significant implications for
public health, offering insights into managing the dual challenge of psychiatric care and
thrombotic risks in the context of a global pandemic.

2. Materials and Methods

2.1. Literature Search Strategy

Our research commenced with an extensive literature review utilizing PubMed as our
primary database. The initial search strategy was designed to explore the intersection between
COVID-19, antipsychotic medication, and thrombosis. We employed a combination of the
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three keywords “COVID”, “antipsychotic”, and “thrombosis” to ensure a comprehensive
capture of relevant studies. This initial query resulted in the identification of only four articles,
indicating a scarcity of research directly addressing all three aspects simultaneously.

To broaden our research scope while maintaining relevance, we adjusted our search
strategy to examine the links between keywords. A search combining “antipsychotics”
and “thrombosis” was conducted, yielding a more substantial pool of 312 articles. This
indicated a well-explored link between antipsychotic medication and thrombotic events in
the existing literature.

In our review, we excluded studies reporting thromboembolic events in patients using
antipsychotics who also suffered from end-stage diseases; these were omitted due to the
inherently higher thrombotic risk in these populations, which could have confounded our
assessment [3–5]. Additionally, we excluded studies focusing on postoperative patients, as
the increased baseline risk for thromboembolism associated with surgery could potentially
skew our analysis of antipsychotic-related risks [6–8].

2.2. Article Selection and Analysis

The selection process involved a preliminary screening of titles and abstracts to identify
studies that directly addressed the research question. Full-text articles were then evaluated
in depth. The inclusion criteria were centered on studies that provided empirical data or
comprehensive reviews related to our key themes: the impact of COVID-19 on thrombotic
risks and the role of antipsychotic medications in this context.

Our exclusion criteria encompassed studies involving antipsychotic use in patients
with end-stage diseases, as well as those on postoperative patients, where thromboem-
bolism risk could have biased our analysis.

Our analysis involved synthesizing findings from the selected publications, with a
particular focus on identifying commonalities and discrepancies in the reported results. This
process allowed us to construct a nuanced understanding of the current state of knowledge
regarding the links between COVID-19, antipsychotic medication use, and thrombosis.

2.3. Inclusion of a Research Methodology Flow Chart

To enhance the clarity and transparency of our research methodology, we included
a detailed flow chart that outlines our literature search and article selection process. This
flow chart visually represents the step-by-step approach we employed, from the initial
broad search to the final selection of relevant articles (Figure 1).

Figure 1. Flow chart outlining the literature search and article selection process.
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3. Results

3.1. Historical Approach: Antipsychotic Medications and Venous Thromboembolic Risk

The historical literature on antipsychotic drugs reveals a longstanding awareness of
their potential link to venous thromboembolism, particularly pulmonary embolism (PE).
The discovery of chlorpromazine’s antipsychotic properties in 1953 was quickly followed
by German case reports citing fatal pulmonary embolism linked to its use, as noted by
Brehmer & Ruckdeschel (1953) and Labhardt (1954) [9]. An early case series covering
1954–1957 reported venous thrombosis and pulmonary embolism in 3.3% of phenothiazine
users, a notable contrast to a non-phenothiazine control group (Grahmann & Suchenwirth,
1959) [9,10].

Further studies continued to highlight this risk. In 1963, Mahmodian observed a
threefold increase in thrombosis risk from 1958 to 1961 in psychiatric and neurological
patients compared to earlier decades. Lal et al. (1966) reported a 10% prevalence of PE
in autopsies of psychiatric patients, primarily diagnosed with schizophrenia and chronic
brain syndrome, matching the general hospital population’s prevalence, suggesting a high
incidence of PE in these patients [11].

Kendel and Fodor (1969) found a 29% incidence of PE in psychiatric patients, with a
notable association with acute psychiatric symptoms [10]. Scholz (1967) studied psychiatric
patients with PE as the clinical cause of death, finding that many had used antipsychotic
drugs without any explanatory comorbidity [10]. Ziegler (1977) noted that 4% of autopsy
reports with PE as the sole cause of death had an underlying psychiatric disorder [10].

In a large observational study, Meier-Ewert et al. (1967) compared patients with
schizophrenia or depression taking chlorpromazine, amitriptyline, or imipramine to similar
patients not using these medications [12]. They observed a higher frequency of throm-
boembolic complications in the medication group (2.9% versus 0.59%) [12]. A study in
1984 reported deep venous thrombosis leading to fatal pulmonary embolism in women
with schizophrenia after an acute psychotic phase, highlighting the risk in psychiatric
patients [13].

Although there was a gap in the literature post-1984, the topic regained attention with
studies by Walker et al. (1997) and Hagg et al. (2000), reflecting continued interest in and
concern about the association between antipsychotic medication and venous thrombosis in
psychiatric patients [14].

Various antipsychotic drugs, particularly phenothiazines, are known to increase
platelet aggregation. However, clinical reports detailing deep vein thrombosis and other
thromboembolic phenomena associated with antipsychotics are scarce. Dally noted that
chlorpromazine might induce thrombosis in leg veins, especially in bedridden patients.
Bernhardt and colleagues discussed four cases of pulmonary embolism linked to major
tranquilizers and tricyclics, highlighting these drugs’ roles in producing hyperaggregabil-
ity. Singer and team reported three cases of pulmonary embolism in elderly women on
major tranquilizers. This paper also presented three cases of thromboembolic events in
ambulatory patients in good physical health, receiving similar medications [15].

3.2. Defining Antipsychotic Medications

Antipsychotic medications are broadly classified into two categories: traditional
(first-generation) and novel (second-generation) antipsychotics. Traditional antipsychotics,
encompassing classes such as butyrophenones (e.g., haloperidol), phenothiazines (e.g.,
chlorpromazine and thioridazine), and others, including indoles and thioxanthenes, were
initially authorized in the 1950s, predominantly for schizophrenia management, with
widespread application in a variety of psychiatric conditions [16].

In contrast, novel antipsychotics, introduced in the 1990s, comprise agents such as
clozapine, risperidone, olanzapine, quetiapine, ziprasidone, aripiprazole, paliperidone,
asenapine, and amisulpride. These medications exhibit considerable variability in their
receptor-binding characteristics, indicating that they do not represent a uniform class of
therapeutic agents. Initially sanctioned by the Food and Drug Administration exclusively
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for schizophrenia, these novel antipsychotics have also received approval for the treatment
of bipolar mania, dementia, and large off-label practice [16].

Novel antipsychotics have increasingly been adopted as the preferred treatment option.
This trend is attributed to their relative advantages over traditional antipsychotics, particularly
in reducing the occurrence of extrapyramidal symptoms and tardive dyskinesia [16].

3.3. Defining Venous Thromboembolism

Antipsychotic medications are frequently used for managing behavioral and psy-
chological symptoms, but they come with a range of adverse effects, impacting both the
hematological and neurological systems [17]. Some of these drugs have been associated
with an increased risk of venous thromboembolism, a condition that manifests primarily in
two forms: pulmonary embolism and deep vein thrombosis (DVT) [18].

Pulmonary thromboembolism, often resulting from deep vein thrombosis and col-
loquially referred to as “economy-class syndrome”, is a noted cause of sudden death in
psychiatric patients, particularly those under physical restraint. The primary risk factors
for DVT, known as the Virchow triad, include decreased venous blood flow, damage to
vessel walls, and enhanced blood clotting [17]. Physical restraint is thought to impede
venous blood flow, while antipsychotic drugs might promote blood clotting. Venous throm-
boembolism represents a complex condition with multiple contributing factors [10,19]. It
ranks among the top three causes of mortality related to cardiovascular disease [20,21].

Therefore, preventive measures and early diagnosis are essential to avert sudden
deaths due to DVT in these scenarios [22].

The exact causes of the heightened prescription of antipsychotic medications among
patients remain uncertain. However, it is suggested that this trend could be linked to
an escalation in behavioral and psychological symptoms in these individuals due to the
constraints enforced during the pandemic, such as limited visitor access and the suspension
of group activities. Global entities such as Alzheimer’s Disease International have empha-
sized the augmented necessity for psychological support for those living with dementia
amid the COVID-19 crisis [1].

Dispensation of antipsychotic drugs increased in the COVID-19 period compared to
the pre-COVID era [1,23].

Our analysis indicated a significant association between COVID-19 and increased
odds of thromboembolic events and all-cause mortality in dementia patients receiving
antipsychotic medications [1].

Furthermore, it i’s theorized that individuals affected by COVID-19 might experience
a disruption in coagulation balance and an intensified inflammatory response, potentially
leading to a “hypercoagulable state” and elevated thrombosis risk. A study published in
July 2020 indicated that antipsychotic medication treatment could aggravate respiratory
issues and heighten thromboembolism risks in COVID-19 patients [24].

3.4. Antipsychotics and Venous Thromboembolism

The examination of data from the Food and Drug Administration Adverse Event
Reporting System (FAERS) reveals a notable correlation between the use of antipsychotic
medications and an escalation in thromboembolic events [25]. This link is supported
by substantial statistical evidence, manifesting in significant reporting odds ratios and
information components [26]. These findings bring to light a pivotal concern in medical
management: the heightened risk of venous thromboembolism connected to antipsychotic
drug usage [25,27].

The investigation delving into the amplified risks found links with antipsychotic
medication in dementia patients, particularly under the strains of the COVID-19 pandemic.
Notably, increased mortality rates in patients treated with haloperidol and risperidone,
especially those infected with COVID-19, call for meticulous medication management in
this sensitive group. The varying impacts of distinct antipsychotics point to the importance
of strategic medication selection to minimize risks [1,28,29].
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Further research, including a meta-analysis, established a clear association between
the usage of antipsychotics and an augmented risk of venous thromboembolism and
pulmonary embolism, with no evidence of publication bias [28,30]. Our comprehensive
review of antipsychotic drug usage indicates a trend, as of 2006, toward a predominance of
second-generation antipsychotics, constituting over 78% of all antipsychotic prescriptions
and overshadowing the usage of first-generation antipsychotics [18].

The study uncovers a significant link between the usage of neuroleptics and increased
VTE risk, with odds ratios indicating a 3.5-fold elevation in VTE risk associated with
antipsychotic drugs. In contrast, antidepressant use did not show a significant correlation
with VTE risk. This hospital-based case-control study reinforces the view that antipsychotic
drug exposure is a potential risk factor for VTE [28,30].

In dementia patients, who often consume other medications impacting serotonin
receptors and platelet function, research on the peripheral vascular effects of antipsychotics
is limited. A recent nested case-control analysis within a cohort of 72,591 dementia patients
indicated that current antipsychotic users in this group had a significantly higher risk of
VTE compared to controls [16].

3.5. Contributing Factors Increasing Thromboembolic Risk

In the realm of psychiatric care, particularly in the context of antipsychotic medication
use, understanding the risk of thrombosis is crucial for effective patient management. The
literature provides valuable insights into various risk factors, or contributory elements, that
are thought to increase the likelihood of thrombotic events in individuals prescribed these
medications [18,30,31]. These factors span physiological, pharmacological, and lifestyle
domains, each contributing uniquely to the overall risk profile [30]. As we delve into
these factors, it is important to recognize the multifaceted nature of thrombosis risk in the
context of antipsychotic therapy. The following section will explore these key risk factors,
as reported in the literature, shedding light on the complex interplay of elements that may
predispose patients to thrombotic complications.

3.6. Mostly Involved Antipsychotic Medications

Multiple research studies have pinpointed a range of acquired risk factors for venous throm-
boembolism [26,31]. The most commonly reported antipsychotics were quetiapine, haloperidol,
olanzapine, and risperidone. Other antipsychotics were less frequently used [1,32].

Our study highlights a significant risk of pulmonary embolism in patients undergoing
antipsychotic drug treatment, showing an odds ratio (OR) of 1.2, which indicates a consid-
erable statistical significance [18]. Particularly alarming are the 30-day all-cause mortality
rates in patients treated with haloperidol, and the pronounced difference in mortality rates
between COVID-19 positive and negative patients receiving risperidone, suggesting a
heightened risk associated with these drugs [1].

In the context of olanzapine, a case of hyperprolactinemia linked to increased pul-
monary thromboembolism has been reported [33]. Interestingly, our research indicates
that the elevated risk of VTE in patients treated with antipsychotics is not necessarily tied
to the known risks of these medications, such as metabolic abnormalities, sedation, or
hyperprolactinemia [34].

Deep vein thrombosis has been recognized as a potential complication of antipsychotic
therapy, particularly with atypical antipsychotics like risperidone [35]. Additionally, numer-
ous case reports and studies have shown an increased risk of VTE with antipsychotic use.
For example, a 51-year-old female patient with bipolar disorder developed a pulmonary
embolism following chlorpromazine treatment, while instances of central retinal vein oc-
clusion have been observed in patients administered olanzapine and risperidone [36,37].
Furthermore, a case of a 39-year-old woman with chronic schizophrenia who developed
acute right hemiparesis and visual field loss during a switch to clozapine therapy has been
reported, leading to a provisional diagnosis of ischemic stroke [38,39].
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Acute bilateral coronary artery thrombosis and myocardial infarction have also been
documented in a 25-year-old man after long-term oral clozapine treatment [40]. Notably,
the risk of PE varies with the type of antipsychotic used, with clozapine showing the highest
associated risk (OR = 1.54). Second-generation antipsychotics, such as risperidone and
ziprasidone, also present a significant risk. While previous studies have already implicated
second-generation antipsychotics, such as clozapine, risperidone, and olanzapine, in PE
risk, our findings additionally identify ziprasidone as carrying a significant risk for PE, a
revelation that stands in contrast to other studies [18,41].

3.6.1. Based on Duration of the Treatment

The duration of antipsychotic medication use is a critical factor in assessing the risk of
thrombotic events, such as venous thromboembolism. This temporal correlation has been
consistently observed in numerous studies, emphasizing the importance of monitoring the
length of treatment when prescribing antipsychotics [35,42].

Commonly used antipsychotics, such as quetiapine, haloperidol, olanzapine, and
risperidone, have been linked to an increased risk of thrombotic events, particularly with
prolonged use. Our research indicates a heightened risk of pulmonary embolism in pa-
tients treated with these drugs over extended periods. This relationship points to a direct
connection between the duration of antipsychotic therapy and the increased likelihood of
developing thrombotic complications [18,30,42,43].

The study revealed that individuals using antipsychotic medications face a 32% higher
risk of developing VTE compared to non-users. This risk escalates among current users
(those with a prescription within the last three months) who experience a 56% increased
risk. However, past users of antipsychotics did not show a significantly increased risk.
Notably, new users of antipsychotic medications demonstrated a higher increase in VTE
risk compared to those continuing with their existing medication [42].

Contrastingly, some studies found no correlation between the duration of antipsychotic
drug use and the occurrence of VTE, suggesting a complex array of factors contributing to
the risk [44,45]. Specifically, risperidone, a second-generation atypical antipsychotic, has
been linked to cases of deep vein thrombosis, usually emerging within a period ranging
from two weeks to a few months after treatment initiation [35].

Thromboembolic events have been documented within the first week of treatment
with antipsychotics such as chlorpromazine and clozapine. While there are reports of
risperidone-induced venous thrombosis occurring after two weeks of therapy, an extensive
literature review did not reveal any cases of deep vein thrombosis specifically linked to the
first week of risperidone treatment [35].

Among current users of antipsychotics, new users showed a higher risk of VTE
compared to both prevalent and past users [16]. The median time frame for the diagnosis of
VTE in one cohort was approximately 42 days, ranging from 16 to 94 days [46]. Our findings
align with previous studies indicating that current users of antipsychotics face a greater
risk of VTE than past users, suggesting that the underlying disease and the antipsychotic
drugs themselves might be primary contributors to these thromboembolic events [34].
Interestingly, our study did not establish a significant dose–response relationship between
the use of antipsychotic drugs and the occurrence of thromboembolic events [34].

In conclusion, the average onset time for thromboembolic conditions related to antipsy-
chotic use was found to be about 7.49 months, with reported occurrences ranging from the
third day to as late as 84 months following the initiation of treatment [20]. This underscores
the need for careful monitoring of patients on antipsychotic medication, considering the
varying risks associated with different durations of treatment.

3.6.2. First or Second Generation

The relationship between antipsychotic medication use and the risk of venous throm-
boembolism and pulmonary embolism presents a nuanced picture. A key finding from
one study showed no significant differences in VTE risk between first-generation antipsy-

12



Int. J. Mol. Sci. 2024, 25, 818

chotics and second-generation antipsychotics when analyzed separately, suggesting that
the risk of thromboembolic events might be a general concern across different generations
of antipsychotic drugs [47]. Furthermore, the study did not delve into the risks associated
with individual antipsychotic drugs [16].

Contrastingly, another study highlighted a significant association between the risk
of VTE and PE and exposure to second-generation antipsychotics. The risk was found to
be about twice as high in individuals exposed to second-generation antipsychotics as in
those not exposed. Interestingly, second-generation antipsychotics seem to have a higher
likelihood of causing PE compared to VTE [30,42]. This finding underscores the need for
careful consideration when prescribing second-generation antipsychotics, particularly in
patients with other risk factors for thromboembolic events.

Given these findings, it is crucial for medical professionals to conduct a thorough
assessment of the risk factors for each patient before initiating antipsychotic treatment.
This process should involve adherence to guidelines provided by regulatory bodies and
a careful evaluation of the efficacy and safety of both typical and atypical antipsychotics.
Such an assessment is particularly important in the context of the patient’s specific clinical
scenario, taking into account their overall health, pre-existing conditions, and potential risk
factors for thromboembolic events [48].

This approach highlights the importance of individualized patient care in psychiatric
treatment, emphasizing the need to weigh the benefits of antipsychotic therapy against the
potential risks, especially concerning thrombotic complications.

3.6.3. Antipsychotic Medication Potency

The risk of venous thromboembolism associated with antipsychotic medications
appears to be influenced by the potency of the drugs, affecting both first-generation antipsy-
chotics and second-generation antipsychotics. Notably, low-potency first-generation an-
tipsychotics have been linked to a higher risk of VTE compared to high-potency agents [30].

A study focusing on the use of traditional antipsychotic medications found a significant
association with an increased risk of idiopathic VTE compared to non-use, demonstrating an
adjusted odds ratio of 7.1. This heightened risk was particularly notable with lower potency
drugs such as chlorpromazine and thioridazine, which showed a stronger association with
VTE (OR 24.1) compared to higher potency drugs such as haloperidol (OR 3.3). The risk was
most pronounced during the initial months of treatment with conventional antipsychotic
medications [49].

Additionally, our research indicates that haloperidol, classified as a high-potency
first-generation antipsychotic, is associated with an increased risk of pulmonary embolism.
This finding underscores the significance of a specific antipsychotic drug in determining
the risk of PE [18].

Moreover, patients prescribed low-potency antipsychotic drugs were found to face a
higher risk of VTE compared to those on high-potency drugs, with the odds ratio being
1.99 for low-potency drugs and 1.28 for high-potency drugs [42].

This differentiation in risk based on the potency of the antipsychotic underscores the
need for careful consideration when choosing the appropriate medication, especially in
patients who may be at increased risk for thromboembolic events.

3.7. Antiphospholipid Antibodies

Furthermore, the use of some psychotropic drugs, including chlorpromazine and
clozapine, correlates with increased levels of anti-phospholipid antibodies (aPLs), which
are thrombogenic. Interestingly, increased aPL levels can also be a primary condition in
schizophrenic patients. Research by Canoso et al. found a significantly higher prevalence of
autoantibodies, such as antinuclear antibodies, aPLs, rheumatoid factor, and immunoglobu-
lin M, in chronic psychiatric patients on long-term neuroleptic therapy compared to normal
controls [44].
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In contrast to observations in systemic lupus erythematosus and similar autoimmune
conditions, chlorpromazine does not seem to correlate with a heightened incidence of
thrombosis [50].

3.8. Endothelial Involvement

Endothelial dysfunction has emerged as a significant concern linked to the use of
antipsychotic agents [45]. Atypical antipsychotics, in particular, have been implicated
in elevating the risk of vascular dysfunctions, which, in turn, are associated with an
increased susceptibility to cardiovascular diseases [21]. The intricate relationship between
antipsychotic medications and endothelial health warrants an in-depth exploration of the
multiple facets contributing to this connection [51,52].

Emerging research suggests that various drugs, including antipsychotic agents, have
the capacity to impede the vasoprotective mechanisms maintained by the endothelium.
By tampering with these mechanisms, these medications can potentially pave the way
for the development of cardiovascular diseases. The specific pathways and molecular
interactions through which antipsychotic agents influence endothelial function remain
subjects of ongoing investigation [53,54].

Curiously, a study conducted on schizophrenia patients undergoing antipsychotic
drug therapy explored the interplay between genetic variants and metabolic syndrome con-
cerning endothelial function. The investigation unveiled noteworthy associations between
genetic variants of endothelial nitric oxide synthetase and endothelial dysfunction [55].
This connection provides a critical link between the genetic makeup of patients and their re-
sponse to antipsychotic treatment, shedding light on individualized approaches to care [56].

In the quest to understand the dynamics of endothelial function among somatically
healthy schizophrenia patients treated with atypical antipsychotic agents, researchers made
a significant discovery, revealing elevated levels of asymmetric dimethylarginine (ADMA),
an endogenous inhibitor of nitric oxide synthase. Elevated ADMA levels serve as pertinent
markers of endothelial dysfunction, emphasizing the elaborate cellular-level interactions
influenced by antipsychotic medications [57].

An additional dimension of this multifaceted relationship is the observation that
plasma levels of vascular endothelial growth factor (VEGF) exhibit variation in patients with
schizophrenia, particularly prior to antipsychotic treatment. Research findings indicate that
VEGF levels are lower in these patients before the commencement of treatment. However,
a compelling shift occurs after the administration of antipsychotic agents, with VEGF
levels showing a subsequent increase. This dynamic points to a complex interplay between
antipsychotic treatment and the intricate mechanisms involved in endothelial health [58,59].

3.9. Platelet Aggregation

Recent investigations have uncovered an intriguing association between the use of
clozapine and the occurrence of thrombosis. While clozapine’s direct interaction with
fibrinogen does not compromise its structural integrity, the drug markedly influences
fibrin formation. Specifically, clozapine slows down the coagulation process and results in
thinner fibrin fibers. This phenomenon suggests that clozapine may confer thrombogenic
properties to fibrinogen, potentially in a dose-dependent manner. Consequently, the dosage
of clozapine could be a pivotal factor in determining its influence on fibrinogen and the
overall coagulation process within the body [45,60].

Contrary to the hypothesis that increased platelet aggregation due to activation of
serotonin receptor 2A (5-HT2A) leads to venous thromboembolism, some findings do not
support this theory. Aripiprazole and quetiapine, both of which act on 5-HT2A receptors,
have not shown a significant increase in the risk of pulmonary embolism. Furthermore,
in vitro studies have failed to demonstrate an increase in platelet aggregation with the
use of antipsychotics, such as haloperidol, olanzapine, or risperidone. This indicates that
the link between antipsychotic drug use and PE risk is multifaceted and cannot be solely
attributed to the sedative effects or serotonin receptor activation [18].
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Prolactin and leptin, hormones known for their involvement in various physiological
processes, have been identified as significant coactivators in adenosine diphosphate (ADP)-
dependent platelet aggregation and P-selectin expression. These findings suggest their
potential role as risk factors in both arterial and venous thrombosis. Clinical conditions
that typically elevate prolactin or leptin levels, such as pregnancy, obesity, or treatment
with antipsychotic drugs, have also been associated with an increased risk of thromboem-
bolic events [61]. This correlation underscores the importance of considering hormonal
influences, particularly prolactin and leptin, in the context of thrombosis risk when using
antipsychotic medications [61].

In summary, the role of platelets in thrombosis associated with antipsychotic drug
use is complex and involves multiple pathways and factors. The impact of clozapine
on fibrin formation, the lack of a direct link between 5-HT2A receptor activation and
increased PE risk, and the potential involvement of hormones like prolactin and leptin
in platelet aggregation all contribute to our understanding of thrombosis in the context
of antipsychotic medication use [60,61]. These insights are crucial for guiding clinical
decisions and risk assessments in patients undergoing antipsychotic therapy.

3.10. Immobilization

The hypothesis that sedation induced by antipsychotic drugs contributes to an in-
creased risk of pulmonary embolism is a subject of ongoing research and debate. While all
antipsychotics potentially have sedative effects, the intensity of these effects varies depend-
ing on the specific drug [62]. For example, quetiapine is known for its sedative properties,
yet it does not seem to be associated with an increased risk of PE [63]. Interestingly, the
sedative effect of quetiapine may diminish over time. In contrast, ziprasidone, which is not
typically linked to sedation, has been found to show a significant risk of PE [18].

Sedation induced by certain antipsychotic drugs, such as chlorpromazine, clozap-
ine, olanzapine, and quetiapine, can reduce patient movement, potentially contributing
to blood stasis [64]. Blood stasis is a well-recognized risk factor for venous thromboem-
bolism [44]. This sedative effect, therefore, could be a contributing factor to the increased
risk of thrombotic events in patients treated with these medications [27].

In studies of venous thromboembolism, risk factors present in at least 15% of both
studied cohorts included acute infection or rheumatologic disorder, obesity, and the use of
antipsychotic medication. Notably, in one of the cohorts, the two most prevalent risk factors
were the use of an antipsychotic agent (observed in 100% of cases) and reduced mobility [46].
This suggests a strong association between antipsychotic use, reduced mobility, and the
risk of VTE [62,65].

Furthermore, the study highlights a significant link between prolonged physical immo-
bilization and the risk of venous thromboembolism in psychiatric patients, especially those
receiving antipsychotic therapy [63,66]. Autopsy findings in five patients where pulmonary
thromboembolism was identified as the direct cause of death emphasize the critical need
to monitor and manage periods of immobilization in these patients to mitigate the risk of
VTE [67,68]. This underlines the importance of physical activity and mobility in patients
undergoing antipsychotic treatment as preventive measures against thrombotic risks.

3.11. Obesity

The relationship between antipsychotic drug use and obesity is particularly notewor-
thy, as obesity itself is a known risk factor for deep vein thrombosis [46]. Antipsychotic
agents, such as clozapine and olanzapine, are frequently associated with an increased risk
of obesity. It was observed that obese individuals had higher levels of blood clotting factors
VIII and IX compared to controls. This elevation in clotting factors among obese patients
underscores the augmented risk of thrombosis in this population [44].

In a specific cohort, the presence of a body mass index (BMI) of 30 kg/m2 or higher
was noted in 30% of the participants. This prevalence of obesity within the cohort points to
its significant role as a risk factor for venous thromboembolism [46]. The high incidence of
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obesity in this group further emphasizes the importance of considering body weight and
related metabolic factors when assessing the risk of VTE [62].

Moreover, in individuals diagnosed with schizophrenia or bipolar disorder, the use of
antipsychotic medications, such as olanzapine and clozapine, has been linked to various
metabolic irregularities [69]. These include substantial weight gain, disruptions in lipid
profiles, and alterations in glucose metabolism [16,21].

In this scenario, a case of branch retinal vein occlusion was reported in which a young
patient, initially with normal lab results, experienced dyslipidemia after two years of
quetiapine use. Given that such antipsychotics can lead to thrombotic episodes through
metabolic imbalances, it is essential to monitor and address any signs of dyslipidemia and
obesity promptly to prevent thrombotic complications [70].

3.12. Age

Age-related variations in the risk of venous thromboembolism in the context of an-
tipsychotic and antidepressant drug use present a complex clinical picture. While some
studies suggest a heightened risk, others indicate a more nuanced scenario [71]. For in-
stance, research involving adults aged 65 and older found no significant increase in VTE risk
associated with the use of these medications [72]. This finding challenges the commonly
held perception of a universally elevated thromboembolic risk with antipsychotic drug use
in older adults [73].

In a detailed study of the elderly population encompassing 111,818 patients, no sub-
stantial correlation was found between the current use of antipsychotics and the incidence
of VTE. This indicates that the thromboembolic risk profile in the elderly may differ from
that in other age groups, suggesting a distinct response to these medications in older
patients. This study considered various factors, such as medication dosage and duration,
yet still reported no increased risk [71].

Certain antipsychotic agents, particularly depot preparations of thioxanthenes such as
zuclopenthixol and flupenthixol, have been linked to rare instances of hypocoagulability.
This condition arises due to the development of autoantibodies against factor VIII, a critical
component in the coagulation cascade. These antibodies, primarily of the immunoglob-
ulin G4 subclass, inhibit factor VIII, leading to reduced clotting capability. This immune
response, resulting in acquired hemophilia A, is a rare but significant hematological side
effect of the prolonged use of these antipsychotics [74]. However, case reports indicate
atypical occurrences where the expected clinical risk profiles for zuclopenthixol use are
contradicted, suggesting a more intricate interplay of underlying mechanisms [75].

An estimation from a study suggested that there are an additional 4 cases of VTE
per 10,000 patients treated annually across all ages, with the number rising to 10 per
10,000 in patients aged 65 and over. Interestingly, younger patients are found to have an
approximately threefold higher risk of PE and VTE compared to older patients [72].

However, case reports provide evidence of exceptions where typical risk factors
are absent, contradicting typical clinical expectations and risk profiles for the use of zu-
clopenthixol and indicating a more complex interplay of the underlying mechanisms [75].

In the context of COVID-19, mortality is influenced by several factors, including gen-
der, and the presence of cardiovascular and metabolic comorbidities, such as diabetes,
obesity, chronic renal failure, and chronic heart disease. Medications such as antipsychotics,
antidepressants, and antiepileptics were found to be significantly associated with increased
COVID-19 mortality in both the Aragon and Campania regions. This highlights the impor-
tance of considering chronic baseline treatments for conditions that predispose patients to
systemic inflammation and thrombosis in managing COVID-19 patients [1,2].

Furthermore, a correlation was observed between the use of antipsychotic drugs
and an increased occurrence of thrombotic events, especially in the very elderly [76].
Additionally, individuals over the age of 40 are recognized as having an elevated risk of
VTE, with this risk doubling with each passing decade. This information underscores
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the necessity of a nuanced approach to assessing and managing thromboembolic risks
associated with psychiatric medications, especially considering age-related factors [1,2].

It is commonly recognized as a primary determinant in the mortality associated with
infections. Additional factors contributing to this include being male and the presence of
cardiovascular and metabolic comorbidities, such as diabetes, obesity, chronic renal failure,
and chronic heart disease. Central to both these conditions and the pathophysiology of
COVID-19 is their impact on the body’s inflammatory response and the functioning of both
the immune and coagulation systems [2].

In Table 1, we summarized the main findings.

Table 1. Risk factor analysis table for VTE in patients on antipsychotic medication.

Risk Factor Description
Associated

Antipsychotics
Impact on VTE Risk

Prolonged Immobilization Reduced mobility due to
sedative effects of drugs Various antipsychotics Immobility increases the risk of blood

stasis, leading to thrombosis

Hypercoagulability Altered coagulation pathways Various antipsychotics
Certain antipsychotics may promote

blood clotting, enhancing
thrombosis risk

Endothelial Dysfunction Impairment of
endothelial function Atypical antipsychotics Endothelial dysfunction can

contribute to cardiovascular diseases

Genetic Predispositions Interaction with
genetic factors Various antipsychotics Genetic factors can interact with

medications to heighten VTE risk

COVID-19 Infection Exacerbation of VTE risk due
to COVID-19 Various antipsychotics COVID-19 may disrupt coagulation

balance, increasing thrombosis risk

Age and Comorbidities Higher risk in older patients
and those with comorbidities Various antipsychotics Older age and comorbidities like

obesity increase VTE risk

Specific Medication Types Different risks associated with
specific drugs Clozapine, Risperidone Some antipsychotics, like clozapine,

have a higher associated risk of PE

4. Discussion

4.1. COVID-19 and Thrombosis

Thrombosis, a serious concern in COVID-19, affects approximately one-third of pa-
tients, most severely leading to pulmonary embolism [77,78]. The development of throm-
bosis is influenced by multiple interacting factors, commonly known as Virchow’s triad,
including vascular endothelial damage, venous stasis, and hypercoagulability [79]. There
seems to be an underlying mechanism causing a response severe enough to still cause
venous thromboemboli in prophylactically anticoagulated patients [80]. This, plus the
thrombotic and microangiopathic thrombotic findings on COVID-19 patients’ autopsies,
confirms the importance of this topic [81].

Basically, all coagulation parameters have been shown to be potentially altered in
COVID-19 infection, but not all of them show clear correlation with the extent of the dis-
ease process [82].

While immobilization in severe COVID-19 cases surely plays a role in venous stasis,
other effects are not as straight forward and are yet to be explored in detail [82].

SARS-CoV2 can enter the body in a variety of ways but infects through the binding
of its S-protein to the angiotensin converting enzyme 2 (ACE2) receptor. ACE2 can be
found in a variety of organs, including the nose, bronchi, blood vessels, heart, kidney, and
brain [83]. Physiologically, ACE2 converts angiotensin II to angiotensin 1-7. Since it is
being used by the virus, it has been hypothesized that less ACE2 is available for normal
bodily function, leading to an increase in angiotensin II and a decrease in angiotensin
1-7. Angiotensin II causes vasoconstriction, which can lead to capillary congestion, with
microthrombi in the alveolar capillaries [79]. In addition, ATII is a potent pro-inflammatory
peptide hormone that causes the accumulation of reactive oxygen species (ROS) through
NAD(P)H oxidase. Reactive oxygen species, in turn, are known to play a role in vascular
inflammation and contribute to endothelial dysfunction [84], while Angiotensin 1-7 actually
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has anti-inflammatory and anti-thrombotic effects [85]. This dysregulation of the Renin-
Angiotensin-Aldosterone-System causes endothelial dysfunction not only by ROS, but also
by overexpressing various factors and receptors, such as COX-2, VEGF, and LOX-1 [83].
Another potential culprit involved is von Willebrand factor. Physiologically, von Willebrand
factor is found sub endothelially, where it is released through endothelial damage, aiding
platelet aggregation and ultimately thrombosis. A single-center, cross-sectional study from
Yale–New Haven Hospital found a greatly increased amount of von Willebrand factor in
COVID-19 patients. This amount was correlated with disease severity (ICU vs. non-ICU
patients) [86].

It was discovered fairly early that a major part of COVID-19′s pathological effects are
caused by an excessive immune response, including but not limited to the complement sys-
tem, neutrophil extracellular traps (NETs), and mitogen-activated protein kinases (MAPKs)
pathways. Commonly implicated is the release of inflammatory cytokines, namely IL-1,
IL-6, IL-8, and IL-17. Cytokine IL-6 plays a vital role in hypercoagulability by magnifying
fibrinogen and platelet production and is positively correlated with COVID-19 severity [87].
The “cytokine storm” is not necessarily found system-wide, but can also be triggered locally
in the lung, causing local thrombus formation. This will lead to the common picture of pul-
monary emboli without DVTs, as we encounter it in COVID-19 [88]. While cytokines, von
Willebrand factor, and fibrinogen are responsible for increased thrombotic factors, they also
cause a state of hypercoagulability due to the increased number of plasma components [79].

In addition to the triggered immune response, hypoxia, which is commonly encoun-
tered in COVID-19 patients, also stimulates thrombosis. Hypoxia causes expression of
hypoxia-inducible transcription factors, causing activation of thrombosis-related genes [82].

There are specific genetic factors that can elevate the risk of thrombosis. However,
research exploring the connection between genetic mutations and COVID-19-related throm-
bosis produces conflicting results, necessitating further investigation [79,86,88].

4.2. Limitations and Future Research Directions

While our study provides important insights, it also has limitations. The observational
nature of the study restricts our ability to establish causality. Some studies suggest that
patients with schizophrenia experience a higher incidence of venous thromboembolism
compared to the general population [31].

Future research should focus on longitudinal studies to better understand the long-term
impacts of antipsychotic use in patients, especially in the context of pandemic-related stressors
and restrictions. Additionally, more research is needed to explore the mechanisms behind the
varying impacts of different antipsychotic medications in the context of COVID-19 [1,71,73].

4.3. Need for Cautious Medication Management

Given the heightened risk of adverse outcomes, particularly thromboembolic events
and mortality, healthcare providers should exercise heightened caution when prescribing
antipsychotics for patients during pandemic conditions like COVID-19. Alternatives to
antipsychotics or strategies to minimize exposure may be beneficial, especially for patients
with additional risk factors for severe COVID-19 outcomes [1,23].

Evidence indicates that complications arising from the use of antipsychotic drugs are
not only common, but also incur substantial costs. This situation underscores the necessity
for the introduction of an effective algorithm in clinical practice, particularly in psychiatry,
to mitigate these complications. Implementing protocols is crucial to reducing both the
frequency of these adverse events and the associated healthcare expenses [46].

New risk prediction algorithms are now incorporating the use of antipsychotics as
specific predictor variables in assessing the risk of venous thromboembolism. These algo-
rithms are designed to more accurately evaluate the potential of antipsychotics to induce
VTE, reflecting the nuanced risks associated with the different types of these medications.
This approach marks a significant advancement in personalized medical assessments,
particularly for patients undergoing antipsychotic therapy [89,90].
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4.4. Our Contribution

This study contributes to the growing body of evidence concerning the adverse health
outcomes linked to some of the antipsychotic drugs. Recent research has already established
the significantly heightened risks of severe events and mortality in patients treated with
antipsychotics for behavioral issues [42]. However, our findings warrant further validation
through replication in another database before any modifications in clinical practices are
suggested. To accurately assess the risks associated with specific antipsychotics, larger
datasets are necessary.

5. Conclusions

Subsequent studies should corroborate our results, thus advocating for a more cautious
approach in prescribing antipsychotic drugs, particularly for conditions like nausea and
agitation, and especially in patients with a high risk of thromboembolism. Patients should
be well informed about the risk–benefit balance of these drugs prior to starting treatment.

Achieving this requires the development of new algorithms capable of estimating
an individual’s absolute risk of thromboembolism. These algorithms should incorporate
individual-level factors, such as age, sex, socioeconomic status, smoking habits, comorbidi-
ties, and concurrent medication use. Such a tailored approach would enhance patient care
by providing a more nuanced understanding of the risks associated with antipsychotic
drug therapy and enabl us to select the best individualized treatment.
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60. Gligorijević, N.; Vasović, T.; Lević, S.; Miljević, Č.; Nedić, O.; Nikolić, M. Atypical antipsychotic clozapine binds fibrinogen and
affects fibrin formation. Int. J. Biol. Macromol. 2020, 154, 142–149. [CrossRef]

61. Wallaschofski, H.; Kobsar, A.; Sokolova, O.; Eigenthaler, M.; Lohmann, T. Co-activation of platelets by prolactin or leptin—
pathophysiological findings and clinical implications. Horm. Metab. Res. 2004, 36, 1–6. [CrossRef] [PubMed]

62. Dijkstra, M.E.; van der Weiden, C.F.S.; Schol-Gelok, S.; Muller-Hansma, A.H.G.; Cohen, G.; van den Bemt, P.M.L.A.; Kruip,
M.J.H.A. Venous thrombosis during olanzapine treatment: A complex association. Neth. J. Med. 2018, 76, 263–268. [PubMed]

63. Therasse, A.; Persano, H.L.; Ventura, A.D.; Tecco, J.M. Incidence and prevention of deep vein thrombosis in restrained psychiatric
patients. Psychiatr. Danub. 2018, 30, 412–414. [PubMed]

64. Tripp, A.C. Nonfatal pulmonary embolus associated with clozapine treatment: A case series. Gen. Hosp. Psychiatry 2011, 33,
85.e5–85.e6. [CrossRef] [PubMed]

21



Int. J. Mol. Sci. 2024, 25, 818

65. Purcell, A.; Clarke, M.; Maidment, I. Venous thromboembolism prophylaxis in mental health in-patient services: A qualitative
study. Int. J. Clin. Pharm. 2018, 40, 543–549. [CrossRef]

66. Takeshima, M.; Ishikawa, H.; Umeta, Y.; Kudoh, M.; Umakoshi, A.; Yoshizawa, K.; Ito, Y.; Hosoya, T.; Tsutsui, K.; Ohta, H.; et al.
Prevalence of Asymptomatic Venous Thromboembolism in Depressive Inpatients. Neuropsychiatr. Dis. Treat. 2020, 16, 579–587.
[CrossRef]

67. Cecchi, R.; Lazzaro, A.; Catanese, M.; Mandarelli, G.; Ferracuti, S. Fatal thromboembolism following physical restraint in a patient
with schizophrenia. Int. J. Legal Med. 2012, 126, 477–482. [CrossRef]

68. Nielsen, A.S. [Deep venous thrombosis and fatal pulmonary embolism in a physically restrained patient]. Ugeskr. Laeger 2005,
167, 2294.

69. Maempel, J.F.; Darmanin, G.; Naeem, K.; Patel, M. Olanzapine and pulmonary embolism, a rare association: A case report. Cases
J. 2010, 3, 36. [CrossRef]

70. Yong, K.C.; Kah, T.A.; Ghee, Y.T.; Siang, L.C.; Bastion, M.-L.C. Branch retinal vein occlusion associated with quetiapine fumarate.
BMC Ophthalmol. 2011, 11, 24. [CrossRef]

71. Kleijer, B.C.; Heerdink, E.R.; Egberts, T.C.G.; Jansen, P.A.F.; van Marum, R.J. Antipsychotic drug use and the risk of venous
thromboembolism in elderly patients. J. Clin. Psychopharmacol. 2010, 30, 526–530. [CrossRef] [PubMed]

72. Ray, J.G.; Mamdani, M.M.; Yeo, E.L. Antipsychotic and antidepressant drug use in the elderly and the risk of venous thromboem-
bolism. Thromb. Haemost. 2002, 88, 205–209. [PubMed]

73. Letmaier, M.; Grohmann, R.; Kren, C.; Toto, S.; Bleich, S.; Engel, R.; Gary, T.; Papageorgiou, K.; Konstantinidis, A.; Holl, A.K.;
et al. Venous thromboembolism during treatment with antipsychotics: Results of a drug surveillance programme. World J. Biol.
Psychiatry 2018, 19, 175–186. [CrossRef] [PubMed]

74. Stewart, A.J.; Manson, L.M.; Dasani, H.; Beddall, A.; Collins, P.; Shima, M.; Ludlam, C.A. Acquired haemophilia in recipients of
depot thioxanthenes. Haemophilia 2000, 6, 709–712. [CrossRef] [PubMed]

75. Andole, S.N. An unusual presentation of cortical venous thrombosis and its association with typical antipsychotics. BMJ Case Rep.
2011, 2011, bcr0720114542. [CrossRef] [PubMed]

76. Catalani, F.; Campello, E.; Occhipinti, G.; Zorzi, A.; Sartori, M.; Zanforlini, B.M.; Franchin, A.; Simioni, P.; Sergi, G. Efficacy and
safety of direct oral anticoagulants in older adults with atrial fibrillation: A prospective single-centre cohort study. Intern. Emerg.
Med. 2023, 18, 1941–1949. [CrossRef] [PubMed]

77. Iba, T.; Wada, H.; Levy, J.H. Platelet Activation and Thrombosis in COVID-19. Semin. Thromb. Hemost. 2023, 49, 55–61. [CrossRef]
78. Zanini, G.; Selleri, V.; Roncati, L.; Coppi, F.; Nasi, M.; Farinetti, A.; Manenti, A.; Pinti, M.; Mattioli, A.V. Vascular “Long COVID”:

A New Vessel Disease? Angiology 2024, 75, 8–14. [CrossRef]
79. Sastry, S.; Cuomo, F.; Muthusamy, J. COVID-19 and thrombosis: The role of hemodynamics. Thromb. Res. 2022, 212, 51–57. [CrossRef]
80. Tiwari, N.R.; Phatak, S.; Sharma, V.R.; Agarwal, S.K. COVID-19 and thrombotic microangiopathies. Thromb. Res. 2021, 202,

191–198. [CrossRef]
81. Babkina, A.S.; Yadgarov, M.Y.; Volkov, A.V.; Kuzovlev, A.N.; Grechko, A.V.; Golubev, A.M. Spectrum of Thrombotic Complications

in Fatal Cases of COVID-19: Focus on Pulmonary Artery Thrombosis In Situ. Viruses 2023, 15, 1681. [CrossRef] [PubMed]
82. Hadid, T.; Kafri, Z.; Al-Katib, A. Coagulation and anticoagulation in COVID-19. Blood Rev. 2021, 47, 100761. [CrossRef] [PubMed]
83. Ali, M.A.M.; Spinler, S.A. COVID-19 and thrombosis: From bench to bedside. Trends Cardiovasc. Med. 2021, 31, 143–160. [CrossRef]

[PubMed]
84. Mehta, P.K.; Griendling, K.K. Angiotensin II cell signaling: Physiological and pathological effects in the cardiovascular system.

Am. J. Physiol.-Cell Physiol. 2007, 292, C82–C97. [CrossRef] [PubMed]
85. Santos, R.A.S.; Sampaio, W.O.; Alzamora, A.C.; Motta-Santos, D.; Alenina, N.; Bader, M.; Campagnole-Santos, M.J. The

ACE2/Angiotensin-(1–7)/MAS Axis of the Renin-Angiotensin System: Focus on Angiotensin-(1–7). Physiol. Rev. 2018, 98,
505–553. [CrossRef] [PubMed]

86. Goshua, G.; Pine, A.B.; Meizlish, M.L.; Chang, C.-H.; Zhang, H.; Bahel, P.; Baluha, A.; Bar, N.; Bona, R.D.; Burns, A.J.; et al.
Endotheliopathy in COVID-19-associated coagulopathy: Evidence from a single-centre, cross-sectional study. Lancet Haematol.
2020, 7, e575–e582. [CrossRef] [PubMed]

87. Chen, X.; Zhao, B.; Qu, Y.; Chen, Y.; Xiong, J.; Feng, Y.; Men, D.; Huang, Q.; Liu, Y.; Yang, B.; et al. Detectable Serum Severe Acute
Respiratory Syndrome Coronavirus 2 Viral Load (RNAemia) Is Closely Correlated With Drastically Elevated Interleukin 6 Level
in Critically Ill Patients With Coronavirus Disease 2019. Clin. Infect. Dis. 2020, 71, 1937–1942. [CrossRef] [PubMed]

88. Cheng, N.M.; Chan, Y.C.; Cheng, S.W. COVID-19 related thrombosis: A mini-review. Phlebology 2022, 37, 326–337. [CrossRef]
89. Hippisley-Cox, J.; Coupland, C. Development and validation of risk prediction algorithm (QThrombosis) to estimate future risk

of venous thromboembolism: Prospective cohort study. BMJ 2011, 343, d4656. [CrossRef]
90. Falconer, N.; Barras, M.; Abdel-Hafez, A.; Radburn, S.; Cottrell, N. Development and validation of the Adverse Inpatient

Medication Event model (AIME). Br. J. Clin. Pharmacol. 2021, 87, 1512–1524. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

22



Citation: Scheim, D.E.; Vottero, P.;

Santin, A.D.; Hirsh, A.G. Sialylated

Glycan Bindings from SARS-CoV-2

Spike Protein to Blood and

Endothelial Cells Govern the Severe

Morbidities of COVID-19. Int. J. Mol.

Sci. 2023, 24, 17039. https://

doi.org/10.3390/ijms242317039

Academic Editors: Eliza Russu,

Alexandru Schiopu and Emil

Marian Arbănas, i

Received: 31 October 2023

Revised: 24 November 2023

Accepted: 27 November 2023

Published: 1 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Sialylated Glycan Bindings from SARS-CoV-2 Spike Protein to
Blood and Endothelial Cells Govern the Severe Morbidities of
COVID-19

David E. Scheim 1,*, Paola Vottero 2, Alessandro D. Santin 3 and Allen G. Hirsh 4

1 US Public Health Service, Commissioned Corps, Inactive Reserve, Blacksburg, VA 24060, USA
2 Department of Biomedical Engineering, University of Alberta, Edmonton, AB T6G 1Z2, Canada;

vottero@ualberta.ca
3 Department of Obstetrics, Gynecology & Reproductive Sciences, Yale School of Medicine, P.O. Box 208063,

New Haven, CT 06520, USA; alessandro.santin@yale.edu
4 CryoBioPhysica Inc., Chevy Chase, MD 20815, USA; allenhir@earthlink.net
* Correspondence: dscheim@alum.mit.edu

Abstract: Consistent with well-established biochemical properties of coronaviruses, sialylated glycan
attachments between SARS-CoV-2 spike protein (SP) and host cells are key to the virus’s pathology.
SARS-CoV-2 SP attaches to and aggregates red blood cells (RBCs), as shown in many pre-clinical
and clinical studies, causing pulmonary and extrapulmonary microthrombi and hypoxia in severe
COVID-19 patients. SARS-CoV-2 SP attachments to the heavily sialylated surfaces of platelets (which,
like RBCs, have no ACE2) and endothelial cells (having minimal ACE2) compound this vascular
damage. Notably, experimentally induced RBC aggregation in vivo causes the same key morbidities
as for severe COVID-19, including microvascular occlusion, blood clots, hypoxia and myocarditis. Key
risk factors for COVID-19 morbidity, including older age, diabetes and obesity, are all characterized
by markedly increased propensity to RBC clumping. For mammalian species, the degree of clinical
susceptibility to COVID-19 correlates to RBC aggregability with p = 0.033. Notably, of the five human
betacoronaviruses, the two common cold strains express an enzyme that releases glycan attachments,
while the deadly SARS, SARS-CoV-2 and MERS do not, although viral loads for COVID-19 and
the two common cold infections are similar. These biochemical insights also explain the previously
puzzling clinical efficacy of certain generics against COVID-19 and may support the development of
future therapeutic strategies for COVID-19 and long COVID patients.

Keywords: SARS-CoV-2; spike protein; COVID-19; sialic acid; glycophorin A; hemagglutination;
hemagglutinin esterase

1. Introduction

The virus that caused COVID-19 was first named “severe acute respiratory syndrome
coronavirus 2” (SARS-CoV-2) in February 2020 in recognition of the disease’s pulmonary
symptoms and the lung’s role as its initial target organ, as with its SARS predecessor. Yet
as clinical experience and histological findings accrued, the hypoxia which emerged as
a key morbidity of severe COVID-19 was found in a large percentage of such patients
to accompany nearly normal breathing mechanics and lung gas volume [1–6]. Although
COVID-19 typically gains infectious penetration in the respiratory epithelium, microvas-
cular occlusion is frequently observed in pulmonary septal capillaries and in other organ
systems of COVID-19 patients [7–20], accompanying morbidities such as intravascular
clotting and peripheral ischemia [2,3,8,18,21–23]. Lung inflammation and other pulmonary
symptoms are common with COVID-19, yet in several cases of severe disease, histological
examinations have revealed microthrombi and extensively damaged endothelium in the
septal capillary microvasculature adjoining relatively intact alveoli [14,24].
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Soon after the determination of SARS-CoV-2 as the viral cause of COVID-19, ACE2
was identified as the host cell receptor supporting its replication [25–27], with neurophilin-1
its replication receptor for astrocytes and possibly certain other cell types [28,29]. Yet
ACE2 is one of a variety of host cell receptors that different coronavirus strains use for
replication; other receptors include DPP4 for MERS, APN for HCoV-229E, and CEACAM1
for MHV [30]. The morbidities of SARS-CoV-2, in particular, as shown below, are less
dependent on its host cell replication receptor, ACE2, than on glycans having sialic acid
(SA) terminal moieties found on viral spike protein (SP) and host cells. For coronaviruses,
these sialylated glycans on their SP serve as the initial points of viral attachment to the
host cell surface [30–42], after which the virus can migrate to fuse with a replication
receptor [40,42–49]. One clue to the centrality of glycan bindings to the morbidities of the
five human betacoronaviruses is the expression by the two common cold strains, HKU1 and
OC43, of hemagglutinin esterase (HE), which releases glycan bindings between viral SP
and host cells [50–54]. These common cold infections are generally benign, while the SARS,
SARS-CoV-2 and MERS viruses do not express HE [50–54] and are deadly, even though the
viral loads for COVID-19 and these common cold infections are about the same [55].

The Molecular Composition of Glycans on SARS-CoV-2 SP and the RBC

The arrangement and chemical composition of the SARS-CoV-2 SP glycans have been
determined, with those at its 22 N-glycosylation sites having a total of nine SA termi-
nal residues [31,48,49,56–63] and its four O-glycans having a total of three SA terminal
residues [63]. This provides a basis for exploring these viral SP attachments to host cells,
notably red blood cells (RBCs), platelets, leukocytes and endothelial cells [31]. RBCs
and platelets have densely distributed sialoglycoproteins but no ACE2 receptors on their
surfaces [64,65]; the same holds for leukocytes and most other blood cells [66–68]. En-
dothelial cells likewise have a heavily sialylated surface coating (glycocalyx), with about
28,000 SA-tipped CD147 receptors but only about 175 ACE2 receptors per cell [69,70].

Of particular interest are attachments of SARS-CoV-2 SP to the RBC, the latter coated
with one million SA-tipped glycophorin A (GPA) molecules and a total of 35 million SA
monosaccharides per cell [71–73]. The heavily sialylated GPA strands are spaced about
14 nm apart on the RBC surface and extend out 5 nm [71]. Band 3 protein is another
molecule on the RBC surface, with 1.2 million copies per RBC, which extends >10 nm
from the RBC surface [71,74] and is glycosylated by poly-N-acetyllactosamine, a sialylated
branched-chain glycan [75–78]. GPA and poly-N-acetyllactosamine, the two most abundant
glycans on the RBC membrane [77], have been found to mediate hemagglutination by
various bacterial and viral pathogens [78–81]. The glycans attached to SARS-CoV-2 SP and
those which extend from the RBC surface are depicted in Figure 1.

Hemagglutination as caused by these pathogen–glycan attachments is of particular in-
terest in view of a primal defense mounted by RBCs along with platelets against pathogens
having SA terminal moieties by attaching to them and delivering them to leukocytes or con-
veying them to macrophages in the liver and spleen for phagocytosis [72,82–88]. Notably,
GPA, one of the two most abundant glycans on the RBC surface [77,89], has no other known
physiological role other than spearheading this pathogen defense [71,72,83,84]. For severe
COVID-19 infections, however, this primal defense, described as “immune adherence” [85],
goes self-destructively overboard, with the total load and sizes of clumps formed exceeding
the body’s capacity to sequester them, as detailed below.

A clear experimental demonstration of binding between SARS-CoV-2 SP and sialy-
lated glycans on host cells was provided using NMR spectroscopy [34]. It was found,
in particular, that a site on the SP N-terminal domain (NTD) binds to α2,3 and α2,6
sialyl N-acetyllactosamine, which are components or variants thereof of the sialylated
poly-N-acetyllactosamine glycans of the band 3 strands extending from the RBC surface.
Intriguingly, this SP-to-glycan binding was found to be much more pronounced for α2,3
than for α2,6 SA-linked N-acetyllactosamine [34], while α2,3 vs. α2,6-linked SA is likewise
much more prevalent in sialylated poly-N-acetyllactosamine of adult (vs. fetal) RBCs [76].
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Figure 1. (A): Atomistic model of the full-length trimeric S protein of SARS-CoV-2 shown in cartoon
representation, reproduced from Sikora et al. (2021) [90]. The three monomeric chains are differen-
tiated by color, with glycans shown in green licorice representation, and a palmitoylated cysteine
residue shown in pink, anchored into the viral envelope at the bottom. (B): A representation of a
35 × 35 nm area of the RBC surface depicting its sialoglycoprotein coating, reproduced from Viitala
et al. (1975) [71]. Prominent among these sialylated glycans are GPA strands, which extend approxi-
mately 5 nm from the RBC surface, and band 3 protein, which extends > 10 nm from that surface
and is glycosylated by poly-N-acetyllactosamine. Reproduced (A) under CC-BY 4.0 and (B) with
permission from Elsevier.

Possibilities for binding are indicated as well between SARS-CoV-2 SP and/or glycans
at its glycosylation sites and GPA on the RBC surface, with GPA, as noted, having no
known physiological role other than this type of immune adherence. The positive elec-
trostatic potential of SARS-CoV-2 SP [91] supports its binding to the negatively charged,
densely distributed SA on the RBC surface, most on its million GPA strands [92,93]. Also,
as depicted in Figure 2, SA in its predominant human form, Neu5Ac, is the most common
terminal residue of GPA [71,74,94]. For the N- and O-glycans on SARS-CoV-2 SP, the most
common terminal residues are galactose (Gal), with 27 total, and Neu5Ac (SA), with
12 total [61–63,90]. Through binding configurations proposed by Varki and Schnaar
(2017) [95] and others [34,96–98], multivalent bonds can form via α2–3 and α2–6 linkages
from Neu5Ac on GPA to Gal on glycans populating SARS-CoV-2 SP glycosylation sites.
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Figure 2. (A): Amino acid sequence of the extracellular domain (aa 1–72) of GPA with its gly-
can structures and attachment sites, adapted from Jaskiewicz et al. (2019) [94]. (B): The terminal
monosaccharides for fully populated N-glycans of a SARS-CoV-2 SP monomer, with these 22 N-
glycosylation sites numbered from the N-terminal end to the C-terminal end, as adapted from Sikora
et al. (2021) [90]. The key to the monosaccharides shown in both (A) and (B) is at bottom of (B).
Reproduced (A,B) under CC-BY 4.0.

2. In Vitro, In Vivo and Clinical Studies Demonstrate Induction of RBC Aggregation
by SARS-CoV-2 SP

Many in vitro, in vivo and clinical studies demonstrate that SARS-CoV-2 SP attaches
to RBCs and induces RBC aggregation. Boschi et al. (2022) found that SARS-CoV-2
SP from each of the Wuhan, Alpha, Delta and Omicron strains induced RBC clumping
(hemagglutination) when mixed with human RBCs in phosphate-buffered saline (PBS) [91].
To explore whether bridging of adjacent RBCs by SARS-CoV-2 SP via glycan bonds might be
the cause of this observed hemagglutination, an agent with indicated high-affinity binding
to multiple SARS-CoV-2 SP glycan-binding sites [99], the macrocyclic lactone ivermectin
(IVM), was added to the mix of SP and RBCs both before and after hemagglutination formed.
IVM blocked the formation of hemagglutination when added to the initial mix and reversed
hemagglutination over the course of 30 min when added after it formed [91]. In another
study, SARS-CoV-2 SP added to whole blood induced clumping of RBCs, hyperactivation
and clumping of platelets, and formation of anomalous fibrinogen deposits [100].

The same SP-induced RBC clumping effect as noted above was demonstrated in ze-
brafish embryos, which have blood cell glycosylation patterns [101] and capillary diame-
ters [102] similar to those of humans. When SARS-CoV-2 SP was microinjected into the
common cardinal vein of a zebrafish embryo at a concentration similar to that obtained in
critically ill COVID-19 patients, it caused the formation of small RBC clumps and an associ-
ated reduction in blood flow velocity within 3–5 min after injection, as shown in Figure 3C,
accompanied by thrombosis in capillaries, arteries and veins [103]. When SP was coinjected
with a mixture of heparan sulfate and heparin (molecular mass of each ≤ 30 kDa), how-
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ever, with both of these glycosaminoglycans having strong binding affinity to SARS-CoV-2
SP [103–105], the extent of thrombosis was markedly reduced [103].

 

Figure 3. (A,B): Images of RBC rouleaux (stacked clumps) from the blood of COVID-19 patients,
obtained using electron (magnification ×5000) [106] and light (80× objective) [107] microscopy. The
first study (A) found RBC clumps in all 31 patients studied, all with mild COVID-19 [106], and the
second (B) found large RBC aggregates in 85% of COVID-19 patients with anemia [107]. (C): A frame
from a video of RBC aggregates in capillaries of zebrafish embryos that formed within 3–5 min after
injection of SARS-CoV-2 SP into the common cardinal vein at a similar concentration to that obtained
in critically ill COVID-19 patients [103]. The velocity of blood flow in the capillaries shown in this
video frame was markedly reduced from that prior to injection of SP. Reproduced (A) with permission
from Georg Thieme Verlag KG; (B) under CC-BY 4.0; (C) with permission from Elsevier.

In various studies, SARS-CoV-2 SP and subunits were observed in the plasma of 64%
of COVID-19 patients [108], in the sera of 30% of hospitalized COVID-19 patients [109]
and in the brains of all of the 13 patients who died of this disease [110]. SP and spike
S1 subunits were likewise observed over periods of months in the plasma [111–113] and
monocytes [114], respectively, of patients having post-acute sequelae of this disease (long
COVID, or PASC). Leakage of SP outside of an infected host cell during SARS-CoV-2
replication has been documented in vitro and clinically [115–117] and may be the source of
the SP in blood found in COVID-19 patients.

SARS-CoV-2 SP attachments to RBCs were demonstrated directly by Lam et al. (2021)
through immunofluorescence analysis of RBCs from the blood of nine hospitalized COVID-19
patients [118]. For these patients at hospital admission, the mean percentage of RBCs having
SARS-CoV-2 SP traces was 41%. This finding suggests that concentrations of SARS-CoV-2
SP in blood as typically reported in other studies using plasma or serum may significantly
understate actual values due to high-affinity binding to RBCs, which are removed from
plasma and serum. SARS-CoV-2 SP and pseudovirus were each found to bind to nanoparticle
arrays bearing SA derivatives [59] and to SA-tipped CD147 receptors, likewise detected
using nanoarrays [119]. Nanoarray methods are required to detect SARS-CoV-2 SP glycan
attachments, because these methods allow bindings to form multivalently, whereas univalent
bindings are weak [31] and not detectable by microarray methods [42]. Studies using the
latter failed to detect SARS-CoV-2 SP bindings to either SA [120] or CD147 [121]. As noted
above, binding of SARS-CoV-2 SP to sialylated glycans identical or closely related to those on
the RBC surface was demonstrated directly using NMR spectroscopy [34].

The presence of SARS-CoV-2 SP in the blood of COVID-19 patients and its induction of
hemagglutination in vitro and in vivo would suggest that the same would occur clinically,
which is indeed the case. In three publications that used scanning electron microscopy
to examine blood from the cubital vein blood of patients with mild-to-moderate cases
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of COVID-19, all hospitalized but none requiring intensive care, a team of investigators
observed blood cell clumping and other anomalies [106,122,123]. The first study found
stacked RBC aggregates (rouleaux) ranging in size from 3–12 cells, as shown in Figure 3A,
in the blood of all 31 of its COVID-19 patients, with none found in 32 matched healthy
controls [106]. A follow-up publication reported the mean count of RBC aggregates in the
COVID-19 patients at 3.1 to 5.5 per 1000 μm2 scanning area, while controls had no RBC ag-
gregates [122]. Aggregates of platelets, some with leukocytes or RBCs, were likewise found
in all COVID-19 patients to significant extents, but none were found in the controls [122].

Light microscopy examination of smears from the blood of 20 hospitalized COVID-19
patients with anemia detected large, stacked RBC clumps (rouleaux), as shown in Figure 3B,
in 85% of those patients [107]. Another study, which examined the sublingual microcircula-
tion of 38 COVID-19 patients in intensive care using video microscopy, found that the mean
number of RBC microaggregates detected in these patients was 15 times the mean number
for 33 healthy volunteers [124]. These RBC microaggregates were found in two-thirds
of the COVID-19 patients vs. two of the 33 healthy volunteers. A study of the blood of
172 hospitalized COVID-19 patients found that both RBC aggregability and the strength of
RBC aggregates formed were significantly greater than those values for healthy controls
and that this RBC hyperaggregability correlated with enhanced blood coagulation, all of
these effects highly significant (p < 0.001) [125]. The much greater degree and strength
of RBC aggregation found in COVID-19 vs. sepsis, with both having elevated levels of
inflammation-related markers, indicate that inflammation alone cannot explain these RBC
aggregation effects for COVID-19 [125].

Paralleling these studies that document RBC aggregation in severe COVID-19 are
many that report microvascular occlusion. Postmortem examinations of hundreds of
patients who died from COVID-19 in many studies consistently found microthrombi in the
pulmonary microvasculature in most patients [7–18]. Microthrombi in alveolar capillaries
were nine times as prevalent in postmortem COVID-19 patients compared to influenza
patients [10]. RBC clumping and microthrombi in the lungs have been regarded as likely
causes of hypoxemia in severe COVID-19 patients [1,2,106,123], which in turn is closely
associated with mortal outcomes [126].

Microthrombi elsewhere in the body, including in the heart, kidneys and liver, were
also frequently observed in autopsy examinations of COVID-19 patients, with indications
that these may have contributed to multiorgan damage and failure [7,8,20]. Another in-
dication of the widespread distribution of microthrombi throughout the body in severe
COVID-19 patients, persisting even after recovery from acute illness, was provided us-
ing video capillaroscopy to examine ocular conjunctival microvessels in 17 hospitalized
COVID-19 patients within 28 days after hospital discharge and 17 healthy controls [127].
The mean percentage of occluded microvessels was found to be six times as high in the
hospital-discharged COVID-19 patients vs. controls, while the mean rates of blood flow
in the conjunctival capillaries and postcapillary venules were significantly lower [127].
Such widespread indications of microvascular occlusion in severe COVID-19 patients led
cardiovascular researchers at the Johns Hopkins and Harvard University medical schools
to conclude that “severe COVID-19 is a microvascular disease” [21].

3. Glycan Bindings from SARS-CoV-2 SP to Platelets and Endothelial Cells Cause
Endothelial Damage, Inflammation and Coagulation

Attachments of SARS-CoV-2 SP to the heavily sialylated [64,65,70] surfaces of platelets
and endothelial cells cause endothelial damage, platelet activation and associated coag-
ulation which, as with the attachments to RBCs, contribute to the severe morbidities of
COVID-19. Platelets, having no ACE2 receptors, like RBCs [66,67], act with RBCs in a role
that was termed “immune adherence” [85], attaching to and clearing pathogens [87,88], and
are found enmeshed with RBCs in blood cell clumps in COVID-19 patients [122]. The degree
of sialyation of the endothelial cell surface is exemplified by the 28,000 SA-tipped CD147
receptors vs. the 175 ACE2 receptors per endothelial cell [69]. For glomerular endothelial
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cells from a conditionally immortalized human cell line, the enzyme neuraminidase, which
hydrolyzes SA, removed more than 50% of the cells’ surface coating (glycocalyx) [70].
The endothelial cell thus provides a prime target for the SARS-CoV-2 virus, and indeed,
both whole virus and viral SP have been found on endothelial cells in clinical and in vivo
COVID-19 infections [10,17,24,110,128–131]. Correspondingly, damaged endothelial cells
have been frequently observed in severe COVID-19 patients [21,24,132,133]. Yet the impor-
tance of this direct viral attack on the endothelium in COVID-19 has been overlooked by
some researchers in the belief that ACE2, which is sparse on endothelial cells, is the only
host-cell binding target of interest for SARS-CoV-2 [134,135].

These SARS-CoV-2 viral or SP attachments to the endothelium can be perilous to
the human host, with trillions of RBCs each flowing once per minute through the lungs
and then the extrapulmonary vasculature [136] and with the cross-sectional diameter of
most capillaries so small that RBCs distort their shape to squeeze through [137]. Thus,
SARS-CoV-2 virus particles or SP attached to endothelial cells or RBCs could create resis-
tance to blood flow or even potentially rip off a piece of an endothelial cell or the entire
cell [31]. Indeed, one study found that serum levels of circulating endothelial cells (CECs) in
mild-to-moderate COVID-19 patients were up to 100 times the levels for matched controls.
The study also found that each of these CECs from the COVID-19 patients typically had
several holes in their membranes approximately the size of the SARS-CoV-2 viral capsid
(the viral envelope) [106]. A marker of endothelial damage, von Willebrand factor (VWF),
which promotes platelet activation and, in turn, coagulation [138–140], has been found to be
significantly elevated in COVID-19 patients [21,132,141,142]. These and other coagulation
and proinflammatory pathways can cause blood clots or trigger a cytokine storm in the
most serious cases of this infection [21,132,133].

While these pathological pathways contribute significantly to the severe morbidities
of COVID-19, the role of SARS-CoV-2 SP-induced RBC aggregation in these morbidities is
nevertheless central, as demonstrated below through multiple avenues of substantiation.
We show below that experimentally induced RBC clumping in vivo causes the same mor-
bidities and the same redistribution of blood flow from smaller to larger blood vessels as
for COVID-19. We further demonstrate the following: (i) key risk factors for COVID-19
morbidity are associated with markedly increased RBC aggregation; (ii) SARS-CoV-2 SP in
the absence of whole virus induces microvascular occlusion in vivo and clinically; (iii) three
generic drugs that have aroused widespread interest as potential COVID-19 treatments all
significantly inhibit RBC aggregation; and (iv) for mammalian species, the degree of clinical
susceptibility to COVID-19 correlates to aggregation propensity of RBCs with p = 0.033.

4. Experimentally Induced RBC Clumping In Vivo: Parallels to Severe COVID-19

Studies dating back to the 1940s in dogs, rabbits, mice, hamsters and other animals
closely examined the effects of IV injection of high-molecular-weight dextran (HMWD),
generally of molecular weight (MW, loosely equivalent to molecular mass) ≥ 100 kDa or
other blood cell-agglutinating agents. In several studies, blood cell aggregation was induced
within minutes to hours after IV injection of HMWD [143–148], with molecular bridging of
RBCs by HMWD molecules being a hypothesized mechanism for this effect [149–152]. After
HMWD injection in vivo, small clumps of RBCs formed and then enlarged into longer stacked
clumps (rouleaux) and, in some cases, into vast trees with branches of hundreds of stacked
RBCs [144,145,153]. Also, the addition of low-MW dextran (LMWD, e.g., MW ≤ 40 kDa)
in vivo prevented the formation of RBC aggregates when injected with HMWD [146,154]
and rapidly disaggregated them with accompanying reversal of microvascular occlusion
when injected after HMWD-induced clumps had formed [148,155–158].

In vitro, the addition of HMWD to blood likewise induced RBC aggregation [159,160]
and did so as well when added to RBCs in PBS [161,162]. The same RBC disaggregating
effect of LMWD was observed in vitro [163], possibly caused by competitive binding to
RBCs that limited bridging between adjacent RBCs by larger molecules. Although we
have focused on aggregation of RBCs, these same aggregating effects of HMWD and
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disaggregating effects of LMWD have been observed, both in vitro and in vivo, for platelets
as well [147,153].

Even in healthy humans or animals, RBC clumps can transiently form under conditions
of slow blood flow, e.g., in deep veins of the lower limbs, but they typically disaggregate
as they move into regions of faster blood flow [164–174] and are rarely problematical
in healthy subjects [148,157,175]. Yet under pathological conditions in diseases such as
diabetes, malignant hypertension and malaria [154,167,175–177], these RBC aggregates
can persist and grow via a positive feedback loop whereby the clumps cause decreased
blood flow velocity with a concomitant reduction in shear forces that in turn causes further
aggregation [164,166–171,173,175]. In mammals, a significant total mass of blood cell
aggregates can lodge in a distributed network of arterioles before obstruction of blood flow
reaches a critical stage [178]. Pulmonary artery tips provide a catch-trap architecture that
sequesters large blood cell aggregates, which limits disseminated microvascular occlusion
and mitigates resulting hypoxia and associated widespread tissue damage, including to
the heart wall [167,178].

The capability of LMWD to rapidly reverse RBC aggregation and associated microvas-
cular occlusion caused by injection of HMWD, as noted above, distinguishes blood clump-
ing, e.g., as induced by HMWD, from clotting, in which blood cell clumps harden into
fibrin-enmeshed clots via the coagulation cascade. Indeed, several mammalian diseases are
associated with increased levels of RBC aggregation and microvascular occlusion which do
not typically cause blood clotting, although risks of this complication are increased [154,175].
Blood cell clumping and clotting are not completely unrelated phenomena, however, given
the potential of RBC aggregation to trigger deep vein thrombosis [179,180] and the role of fib-
rinogen, an essential promoter of blood clotting, in blood cell clumping as well [164,181–183].

4.1. Induced RBC Aggregation Causes Microvascular Occlusion, Hypoxia, Blood Clots, and
Redistribution of Blood Flow from Smaller to Larger Blood Vessels

When HMWD or other agglutinating agents were injected into animals at sufficient
concentrations to overwhelm the host’s ability to safely sequester the RBC aggregates
formed, these clumps caused microvascular occlusion as detected in a variety of host
tissues [154], including the myocardium [153,184], muscle [185] and abdominal cavity [153]
of rats; the conjunctival vessels of dogs, cats and rabbits [147,186]; the cheek pouch of
hamsters [148,157]; and the kidney, liver, ear chamber, bone marrow and heart tissue of
rabbits, including the myocardium and pericardium [144–146,155,156]. In the myocardium
of rabbits and rats, the degree of myocardial tissue damage was correlated with the observed
degree of intravascular aggregation of blood cells [144,146,153], with hypoxia resulting
from vascular occlusion proposed to be the cause of tissue damage [144,146].

Associated with the microvascular occlusion that it triggered, experimentally induced
RBC aggregation caused decreased velocity of blood flow [143,145–148,154,171,184], in-
creased blood viscosity [143,154,186,187], increased incidence of blood clotting [144,154,167]
and decreased oxygen tension in arteries, veins and tissues, with accompanying hypoxic
damage to body organs [144,146,154,188,189]. Another effect caused by induced blood
cell clumping as observed in the conjunctiva of cats, dogs and rabbits and bone marrow
of rabbits was a reduction in blood flow in the capillaries and other small vessels having
cross-sectional diameters of about 10 μm or smaller [147,155], indicative of a shift of blood
flow into the larger vessels. A similar redistribution of blood flow from the smaller blood
vessels of micrometer cross-sectional diameter to larger blood vessels was observed in
patients with type II diabetes [177,190], a disease characterized by an increased extent of
RBC aggregation and accompanying microvascular occlusion [167,177,191–194].

4.2. Corresponding Morbidities in Severe COVID-19

As considered above, SARS-CoV-2 SP, like HMWD dextran, induces RBC aggrega-
tion, and the same morbidities caused by experimentally induced RBC aggregation have
been commonly observed for cases of severe COVID-19. These morbidities of severe
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COVID-19 include microvascular occlusion in the lungs and other organ systems [7–20], hy-
poxia [1,195], arterial and venous thromboembolisms [9,15,17,18,21,196–198], disseminated
intravascular coagulation [15,21,196–200] and multiorgan damage associated with these
vascular aberrations and hypoxia [7,200,201]. Decreased oxygen saturation is a particularly
dangerous morbidity of COVID-19, with a peripheral oxygen saturation (SpO2) of <88%
associated with a 3.7-fold increased risk of death [126] and an SpO2 of ≤93% deemed to
be a sufficient condition for classifying a COVID-19 infection as severe according to U.S.
National Institutes of Health guidelines [202].

4.3. Redistribution of Blood Flow from Smaller to Larger Blood Microvessels in COVID-19 Patients

Another effect of experimentally induced RBC aggregation, the redistribution of blood
flow from microvessels to blood vessels of larger cross-sectional diameter, as described
above, is also paralleled in COVID-19 is. Osiaevi et al. (2023) compared videomicroscopic
imaging of the sublingual microvasculature of 16 critically ill COVID-19 patients, 17 patients
with long COVID and 15 healthy controls [203]. As shown in Figure 4, the density of
functional capillaries (having flowing RBC content ≥ 50%) with cross-sectional diameter
4–10 μm was sharply reduced for active COVID-19 patients vs. controls, with values
for long COVID patients roughly halfway between those for active COVID-19 patients
and healthy controls. The study investigators concluded from these and other measures
of microvascular health that the long COVID patients had significant microvasculature
impairment, lasting even 18 months after infection for some [203].

 

Figure 4. Density of functional capillaries (with flowing RBC content ≥ 50%) of cross-sectional
diameter 4–25 μm in the sublingua of long and active, hospitalized COVID-19 patients and healthy
controls. (A): Functional capillary density by diameter; * denotes q < 0.05 (q per Storey-Tibshirani).
(B): Functional capillary density for capillaries of diameter 4–6 μm. Mean values for healthy controls
and long and active COVID-19 patients were 77.9, 46.4 and 19.9, respectively, with p < 0.001 for
comparisons between each pair of patient groups. Reproduced from Osiaevi et al. (2023) [203]
(CC-BY 4.0).

Rovas et al. (2021) reported similar sharp reductions in densities of functional cap-
illaries at the lower end of the 4–25 μm cross-sectional diameter range in the sublingual
microvasculature of COVID-19 patients vs. healthy controls [201]. The extent of reduction
in density of functional capillaries of diameter 4–6 μm in the COVID-19 patients correlated
with their oxygenation index (PaO2/FiO2) and with an index of multiorgan failure and
associated mortality risk. Rovas et al. concluded from these correlations that the observed
reduction in sublingual small capillary density was another manifestation of the patholog-
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ical clogging of capillaries as also observed in pulmonary microthrombi at autopsies of
COVID-19 patients. A similar marked shift in blood flow from smaller to larger vessels in
active [204–207] and long [208] COVID-19 patients was also observed in blood vessels of
larger cross-sectional diameter, 1 mm and greater, using high-resolution CT scans.

Further insights into the prevalence of microvascular occlusion in both active and
long COVID-19 were provided by studies that imaged the ocular conjunctiva and retina
in human subjects using noninvasive techniques. As noted previously, the percentage of
occluded microvessels in the conjunctiva was found to be six times as high in hospital-
discharged COVID-19 patients vs. healthy controls [209], while other studies reported that
RBC aggregation in the conjunctiva correlated closely with measures of that elsewhere in
the body [158,175]. Three studies of perfusion density in various retinal capillary layers
found small (e.g., 3–4%) but statistically significant differences (e.g., p = 0.011, p = 0.04,
p = 0.003) for COVID-19 patients one month after recovery [210,211] and for long COVID
patients [212] vs. healthy controls. Retinal capillary perfusion density was determined
with optical coherence tomography angiography (OCT-A), which uses noninvasive laser
imaging of RBC flow in retinal capillaries to detect perfusion aberrations.

5. Major Risk Factors of Age, Diabetes and Obesity for COVID-19 Severity Correlate
with Increased Propensity to RBC Aggregation

The most significant risk factor for severe COVID-19 is age, with several studies
showing a multifold increased risk of fatal outcomes with older age [195,213,214]. One
multivariate analysis of 17 million subjects in the UK reported a sixfold increased mortality
for ages 70 through 79 vs. 50 through 59 years [215]. A meta-analysis of 612,000 subjects in
several countries conducted in 2020 found a mortality rate of 22.8% for ages 70–79 years
vs. 0.3% for ages ≤ 29 years [216]. Note that the risk factor data considered in this section
are for pre-Omicron variants of SARS-CoV-2. Since Omicron variants do not penetrate
deeply into the lungs or bloodstream and cause less severe illness than prior variants, as
considered in the Discussion section, risk factors for Omicron infections are not necessarily
the same as those for pre-Omicron variants nor is the efficacy of various therapeutics.

This multifold increase in COVID-19 mortality with older age aligns with a much
greater extent of microvascular occlusion in older vs. younger healthy subjects, linked to
both a significantly greater propensity to RBC aggregation and slower blood flow with
increased age. Microscopic examinations of the bulbar conjunctiva of healthy subjects found
that 30% of those of ages 56–75 years had aggregation in the smaller venules and capillaries,
as compared with a 3% rate of such aggregation of those of ages 16–35 years [190]. This
tenfold increased rate of microvascular occlusion in the older subjects corresponds to
much greater RBC aggregation and slower blood flow with increased age. One study that
measured RBC aggregability by multiple detection methods found a statistically significant
increase in this value in the blood of middle-aged versus young adults [217]. Another
study found highly significant (p < 0.001) increases in RBC aggregability and average RBC
aggregate size for subjects of ages 66–89 vs. those of 20–30 years [218]. Both of these studies
measured RBC aggregability in vitro using drawn blood.

As noted, RBC aggregate formation in vivo depends not only on aggregability under
static conditions but also on the degree of shear forces that promote disaggregation, as
associated with velocity of blood flow [164,168–170]. It is, thus, noteworthy that blood flow
is slower with increased age [219–225]. Mean velocity of capillary flow under fingernail
and toenails for subjects of mean age 63 years was half of that for subjects of mean age
26 years [219]. Older subjects had 23% [220] and 40% [221] diminished flow velocities vs.
younger subjects for capillary flow in other tissues. Arterial blood flow velocities were
26–27% lower for older vs. younger subjects in two studies [223,224]. The combined effects
of increased RBC aggregability and decreased blood flow velocity would appear to account
for the tenfold incidence of microvascular occlusion in smaller venules and capillaries of
the bulbar conjunctiva with increased age, as noted above.
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In a multivariate analysis of COVID-19 risk factors for 17 million patients in the
UK, mortality was increased with hazard ratios of 1.31 for diabetics with good glucose
control, 1.95 for diabetics with poor glucose control and 1.92 for obesity [215]. An umbrella
review of 32 high- or moderate-quality reviews reported odds ratios for mortality of
2.09 for diabetes and 2.18 for obesity [226]. A significant degree of RBC aggregation is
characteristic of diabetes [167,177,191,193,194], with this effect especially pronounced for
type 1 disease [191] and for diabetics with poor glycemic control [193]. In studies of
RBC attributes for subjects of varying body mass index (BMI), BMI correlated with RBC
adhesiveness/aggregability at p < 0.001, while obese subjects had larger RBC aggregates
(p < 0.009) that were more resistant to dispersion by flow [227,228]. In summary, three
major risk factors for severe COVID-19—increased age, diabetes and obesity—were all
characterized by increased RBC aggregability, with this correlation especially striking
for age.

6. SARS-CoV-2 SP Unattached to Whole Virus Induces Microvascular Occlusion
In Vivo

Akin to the studies noted previously demonstrating induction of RBC clumping by
SARS-CoV-2 SP in vitro [91,100,229] and in vivo [103], other studies likewise demonstrate
that SARS-CoV-2 SP in the absence of whole virus caused microvascular occlusion.

6.1. Myocardial Damage as a Signal of Microvascular Occlusion

A clinical window into morbidities associated with RBC aggregation is provided by the
myocardium—the heart muscle—which is among the tissues most susceptible to the dam-
aging effects of experimentally induced RBC aggregation and ensuing microvascular occlu-
sion. Several studies found that injection of HMWD (high-MW dextran) caused myocardial
damage [144,146,154,230] and/or electrocardiogram (ECG) changes [153,154,187,230] char-
acteristic of myocarditis. In one study, 40 min after HMWD injection, ECG abnormalities
were apparent, and HMWD induced lasting myocardial damage [230]. Both the degree
of myocardial damage [144,146] and of ECG abnormalities [153] correlated with the ex-
tent of microvascular occlusion. Clinically, for hospitalized patients with coronary heart
disease, the number of microthrombi per field of observation in the bulbar conjunctival
microcirculation was found to be correlated with both the extent of ECG and symptomatic
abnormalities [153].

6.2. Myocardial Damage Experimentally Induced by SARS-CoV-2 SP in the Absence of
Whole Virus

Induction of myocarditis by SARS-CoV-2 SP in the absence of whole virus was evi-
denced in two rodent studies by IV injection of BNT162b2, the Pfizer-BioNTech mRNA
vaccine, an experimental system in which SP is generated by host cells, distinct from intra-
muscular (IM) injection used for clinically administered COVID-19 vaccinations. Clinical
cases of SARS-CoV-2 SP found in endothelial cells after IV mRNA vaccination [231–233]
support the possibility that SP could be generated by nucleated endothelial cells in blood
vessels post-vaccination. In mice, after a second IV vaccine dose, 67% had grossly visible
white patches over the visceral pericardium and all showed changes of myopericarditis,
compared with only mild degenerative changes in the myocardium in the intramuscular
(IM)-injection group [234]. All of the mice in the IV-injection and the IM-injection groups
had myocardial WBC infiltration and cardiomyocyte degeneration and necrosis vs. none in
saline-injection controls. Rats given two IV doses of BNT162b2 vaccine two weeks apart in
another study manifested marked blood hypercoagulability along with apoptotic cardiac
muscle fibers, ECG changes and other abnormalities that reflected myocardial injury [235].

6.3. Clinical Signs of Microvascular Occlusion and Myocarditis after Exposure to SARS-CoV-2 SP

Further insights into microvascular occlusion caused by SARS-CoV-2 SP in the absence
of whole virus in a clinical setting were provided by optical coherence tomography angiog-
raphy (OCT-A) imaging of the retinal microvasculature. Determinations of the vascular
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density (VD) of flowing blood vessels in various retinal layers of human subjects, an indica-
tor of microvascular occlusion, found that the CoronaVac vaccine, made from inactivated
whole virus, caused no changes after vaccination [236,237]. The Pfizer-BioNTech mRNA
vaccine caused small but statistically significant reductions in VD vs. controls at three
days [238] and at two and four weeks [237] after vaccination. Reductions in many of these
VD values at two weeks after vaccination were statistically significant at p < 0.001; most of
these resolved by four weeks after vaccination, but seven of these VD reductions persisted
at statistically significant levels at that time [237].

The significance of these findings derives not from the occasional ocular adverse
effects that have been reported after mRNA COVID-19 vaccinations [239,240] but rather
from indications that ocular microvascular occlusion mirrors a pathology elsewhere in
the body [158,175]. Myocardial injury is another indicator of microvascular occlusion,
as noted above, which opens another diagnostic window, PET-CT scanning, since fluo-
rodeoxyglucose F18 (FDG) uptake in myocardial tissue has been found to track myocardial
injury [241,242]. In one study, 700 SARS-CoV-2-vaccinated and 303 nonvaccinated sub-
jects were given PET/CT scans either to evaluate malignancies or perform other medical
screenings unrelated to COVID-19 or myocarditis. In PET/CT scans taken 1−180 days
after vaccination, myocardial FDG uptake was significantly higher as compared to that for
unvaccinated subjects (median of 4.8 vs. 3.3, p < 0.0001) [243]. Similar potential risks at a
less than clinically overt level were indicated from cardiac test markers 2–10 weeks after
COVID-19 mRNA vaccinations vs. pre-vaccination values in 566 patients at a cardiac clinic,
with an increase in the 5-year predicted risk of acute cardiac events from 11% to 25% [244].

Whether the clinical indicator is the rare incidence of myocarditis following COVID
mRNA vaccinations [245,246] or the greater incidence of cardiac irregularities following
such vaccinations, e.g., 1–7% rates of chest pains and abnormal ECG readings in two post-
COVID vaccination studies in adolescents [247,248], an association with the presence of
SARS-CoV-2 SP in such adverse events is indicated. A study conducted in the US in Boston-
area hospitals found that of 16 patients hospitalized for myocarditis after COVID-19 mRNA
vaccinations, all had significant levels of SARS-CoV-2 SP unbound by antibodies in blood,
whereas 45 asymptomatic, vaccinated subjects had no detectable SP [249]. Investigators at
the same hospitals found indications that SARS-CoV-2 mRNA vaccines routinely persist
up to 30 days following vaccination and are detectable in the heart [250]. SARS-CoV-2 SP
was found on cardiomyocytes of 9 of 15 mRNA-vaccinated subjects with symptoms of
myocarditis in another clinical series [251].

7. Decreased Clinical Severity of COVID-19 by Agents That Inhibit RBC Aggregation

Analogous to the activity of LWMD (MW ≤ 40 kDa) in limiting and reversing in-
duced RBC aggregation, as noted above, various forms of heparin and heparan sulfate,
glycosaminoglycans of MW ≤ 30 kDa, have shown benefits by clinical or laboratory criteria
for COVID-19 in a scattering of clinical studies. The specific agents used were subcuta-
neous heparin plus enoxaparin (low-MW heparin) [252], enoxaparin [122] and a low-MW
mixture of 80% heparan sulfate and 20% dermatan sulfate (sulodexide) [123,253]. As noted
previously, both heparin and heparan sulfate bind strongly to SARS-CoV-2 SP [103–105].

Of particular interest as potential treatments for COVID-19 are three generic drugs
which have been closely studied and have received wide attention.

7.1. Fluvoxamine

Fluvoxamine (FLV), a selective serotonin reuptake inhibitor (SSRI), attracted interest
from prominent medical researchers [254–256] after early clinical trials indicated promising
results for COVID-19 treatment [257–260]. Although rapid recovery from severe illness was
not generally observed, one study showed a significant reduction in residual symptoms of
COVID-19 at 14 days after start of FLV treatment vs. untreated controls [257], and another
showed significant reductions in emergency room visits or hospitalizations [259]. Yet the
puzzling question raised by these indications of clinical activity was by what biochemical
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mechanism could an SSRI used to treat depression and anxiety disorders offer therapeutic
benefits against a viral disease?

A plausible biochemical mechanism is the sharp reduction by FLV in serum levels of
serotonin, which is a powerful inducer of RBC and platelet aggregation. In vitro, serotonin
caused marked aggregation of RBCs, platelets and leukocytes [147]. In vivo, injection of
serotonin resulted in blood cell aggregates being trapped in small venules and capillaries in
the ocular conjunctival vasculature [147]. In dogs, a serotonin antagonist prevented an in-
crease in pulmonary alveolar dead space, an indication of pulmonary vascular obstruction,
after hemorrhagic shock [261].

Several studies have found that SSRIs, including FLV, sharply reduce serotonin levels
in blood, with reductions in plasma serotonin levels to 20–40% of baseline values over two
to eight weeks being typical after the start of SSRI treatment [262–268]. All of these studies
used high-performance liquid chromatography (HPLC) or enzyme-linked immunosorbent
assay (ELISA) methodology for detection of serotonin plasma levels to avoid potential
skewing of results from platelet uptake of serotonin [256,267]. For FLV in particular, mean
plasma serotonin levels were reduced to 69% of the baseline value one hour after first dose
of the drug [263]. A study of blood from humans and mice found that serotonin induced
platelet aggregation [269] and platelet aggregation by arachidonic acid was decreased by
68% (p = 0.00001) in patients taking an SSRI vs. controls [270].

7.2. Hydroxychloroquine (HCQ)

The application of HCQ, an aminoquinoline, for treatment of COVID-19, as developed
by an infectious disease team at Aix-Marseilles University in France [271–273], has been
the subject of significant controversy, a review of which is not attempted here. However,
it is of note that HCQ has been found to have pronounced activity in reducing blood cell
aggregation and associated microvascular occlusion. In 44 human subjects with vascular
conditions including coronary artery and cerebrovascular disease, all having initial mani-
festations of microvascular occlusion, ocular conjunctival microvasculature was observed
over a nine-month period following the start of HCQ treatment [274]. Marked reductions
in the size of blood cell aggregates and the extent of microvascular occlusion were observed
for most patients. Accompanying symptomatic improvements were observed in many of
these subjects beginning three days after the start of HCQ treatment for some and persisting
over the nine-month follow-up period.

In another human study, HCQ was administered over a three-month period to
22 patients with rheumatoid arthritis who had signs of occlusion in the microcirculation of
the ocular fundus. Twenty of the 22 patients had complete normalization of the observed
vasculature occlusion [275]. In mice previously injected with an RBC clumping agent, HCQ
sharply reduced thrombus size and the time that thrombi persisted as compared with
untreated controls [276].

7.3. Ivermectin (IVM)

To identify potential therapeutics for COVID-19, four in silico studies collectively
screened over 1000 molecules for binding to SARS-CoV-2 SP and other SARS-CoV-2 viral
targets [105,277–279]. In each of these studies, the strongest or close-to-strongest binding
affinity to SP was obtained for IVM, a macrocyclic lactone with multifaceted antiparasitic
and antimicrobial activity, distributed in four billion doses for human diseases worldwide
since 1987 [280–282]. Aminpour et al. (2022) found by molecular docking computations
that IVM binds with high affinity (<−7.0 kcal/mol) to seven sialoside-binding sites or other
glycan-binding sites on SARS-CoV-2 S1, six on the N-terminal domain (NTD) and one on
the receptor-binding domain (RBD). These binding energy values of <−7.0 kcal/mol were
obtained for the RBD in both the open (“up”) and closed (“down”) positions [99]. As a
measure of significance of this binding energy value, binding energies of <−7.0 kcal/mol
predicted efficacy for a large set of HIV inhibitors with 98% sensitivity and 95% speci-
ficity in another study [283]. Additional molecular modeling studies of IVM binding to
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SARS-CoV-2 SP [284–288], including one by Lehrer and Rheinstein (2020) [289], likewise
found strong binding affinities for IVM.

Competitive binding by IVM to SP glycan-binding sites is thus a likely biochemical
mechanism for the in vitro inhibition and reversal by IVM of aggregation of human RBCs
by SARS-CoV-2 SP as noted above [91]. In early 2020, two Florida physicians, Jean-Jacques
and Juliana Rajter, were intrigued by an indication of a clinical parallel to this in vitro
effect—observations that several COVID-19 patients with severe respiratory impairment
and SpO2 deficits experienced normalized breathing function within 1–2 days after treat-
ment with IVM [290,291]. Months later, Rajter et al. (2020) reported results of a propensity-
matched case control study of COVID-19 patients treated with a low dose of IVM plus
standard of care (SOC) at four Florida hospitals, which yielded a 40% reduction in mortality
vs. controls given only SOC [292]. After that study was concluded, through mid-2021,
more than 20 randomized controlled trials (RCTs) of IVM treatment of COVID-19 were
conducted, with six of seven meta-analyses reporting notable reductions in deaths and
with a mean 0.31 relative risk of mortality vs. controls (a 69% reduction) [293].

By 2022, however, several other RCTs reported that IVM yielded no statistically
significant benefits for COVID-19 treatment, as summarized in an August 2022 editorial
which declared that it was “time to stop using ineffective COVID-19 drugs” [294]. Curiously,
however, the editorial prominently cited in support a June 2022 meta-analysis of ten RCTs
for IVM treatment of COVID-19 encompassing 3472 patients [295] which actually reported
as the first finding in its results section a twofold reduction in deaths in its pooled IVM
treatment vs. placebo groups (pooled log odds ratio of −0.67, 95% CI = −1.20 to −0.13,
with low heterogeneity). The mortality reduction was less (log OR = −0.12) for the RCTs
rated as having a low risk of bias, but included in that group, weighted to account for 63%
of that pooled log OR, was a study of dubious credibility.

Coauthors of the aforementioned study, the TOGETHER trial [296], have repeatedly
refused to disclose four of their key outcome numbers, namely per protocol deaths and
hospitalizations, treatment vs. placebo [297], which are of key importance given critiques
of the primary outcome used in all arms of the TOGETHER trial by the U.S. Food and
Drug Administration [298] and National Institutes of Health [299]. Instead, a TOGETHER
trial coauthor directed inquiring scientists to the ICODA data repository, listed as the data
source in the study’s data sharing statement [297,300]. After two months of futile attempts
by scientists to obtain the data from ICODA, however, on 7 June 2022, an ICODA manager
reported that the TOGETHER trial data were never held by that data repository and that
she had instructed its authors to stop citing it as their data source [297,301].

In another prominently cited RCT of IVM treatment of COVID-19 that reported nega-
tive conclusions [302], IVM was substituted for placebo doses for 38 patients, a mistake
caught a month later, and blinding was broken by use of sugar water as the placebo for
one-third of the study’s patients (liquid IVM has a bitter taste). Adverse events that are
distinctive to the high IVM dose used (transient and non-critical) occurred at almost identi-
cal rates in the placebo and IVM arms, while over-the-counter sales of IVM surged in the
study region during the study period [303].

The RCT evidence for IVM-based treatments of COVID-19 is thus mixed; however, in
rare cases, efficacy of a drug has been conclusively established without RCT findings when
it has achieved consistent major clinical benefits in the face of an established baseline of
null effect. For example, the 96% cure rate for peptic ulcers by a triple therapy achieved
in a 1990 clinical trial [304] provided conclusive evidence of the therapy’s efficacy, given
a baseline of palliative but rarely curative results for that chronic condition [305,306].
The associated discovery of H. pylori as the underlying pathogen for peptic ulcers was
honored with the Nobel prize for medicine in 2005 [307]. For penicillin, early in vitro and
mouse studies provided convincing indications of marked antibacterial activity. Alexander
Fleming found in 1929 that transparent regions formed around penicillin embedded in agar
plates of several species of cultured bacteria, indicating inhibition of bacterial growth [308].
In a 1940 study, almost all penicillin-treated mice survived when exposed to bacterial strains
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that consistently caused fatal infections in untreated control mice [309]. In the absence of
RCT evidence, penicillin production was then ramped up to industrial scale, saving the
lives of thousands of soldiers during World War II [310].

For cases of moderate and severe COVID-19 in patients on room air, there is a consis-
tent baseline of null effect in a 1–2 week timeframe: the magnitude of reductions in SpO2
levels correlate with the extent of pulmonary damage, and neither of these normalize in
that timeframe [311–317]. With that backdrop of null effect, as shown in Figure 5, three
studies of severe COVID-19 patients on room air treated with IVM-based regimens ob-
served sharp increases in SpO2 after 1 day of treatment [318–321] while SpO2 decreased
during the same 1-day period in a fourth group of such patients under standard care. The
two studies that used the triple therapy of IVM, doxycycline and zinc [318,319], one of
these coauthored by Thomas Borody [319], who developed the successful triple therapy for
H. pylori [304], showed the most pronounced effect. For each of these three studies using
IVM-based treatments, SpO2 changes one day after treatment differed from those values
for a comparison study of COVID-19 patients on room air under standard care [321,322]
with differences far outside the 95% confidence intervals for treatment vs. control values.

 

Figure 5. Mean changes in oxygen saturation (SpO2) for severe COVID-19 patients following
treatments including or excluding IVM. Reproduced from Stone et al. (2022) [318] (CC-BY 4.0).
Patients tracked over various time periods from each regimen were those with SpO2 values all
recorded on room air, having pre-treatment (day 0) values ≤ 93%. The y-axis value at day n is the
mean of changes in SpO2 values from day 0 to day n, with error bars designating 95% confidence
intervals. • Thairu et al. (2022) [321,322]: 26 patients, median age 45 years, treated with different
combinations of lopinavir/ritonavir (Alluvia), remdesivir, azithromycin and enoxaparin as well as
zinc sulfate and vitamin C. • Stone et al. (2022) [318]: 34 patients, median age 56.5, treated with
IVM, doxycycline and zinc. • Hazan et al. (2021) [319]: 19 patients, median age 63, treated with IVM,
doxycycline and zinc. • Babalola et al. (2021) [320,321]: 19 patients, median age 33, treated with IVM,
zinc and vitamin C, with some also given azithromycin and hydroxychloroquine.
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For the Stone et al. (2022) study, taking into account some missing values for the
34 treated patients at <48 h post-treatment, paired t-test calculations were performed for
post-treatment minus pre-treatment SpO2 values for the study patients at +12 h, +24 h
and +48 h after the start of IVM administration. These paired t-test values were highly
significant, with p < 10−6 in each case. One patient in the study had an increase in SpO2
from 79% recorded at the first IVM dose to 95% three hours later, and four other patients
had increases of 12 or more in SpO2% within 12 h after the first IVM dose. These sharp,
rapid improvements parallel the disaggregation of RBC clumps observed in vitro over the
course of 30 min by Boschi et al. (2022) and can be explained by rapid clearance of RBC
aggregates in the vasculature and corresponding increases in efficiency of oxygenation in
pulmonary and extrapulmonary tissues.

In 2020, Peru provided a unique setting to track clinical efficacy of IVM-based treat-
ment for COVID-19 with close consideration of confounding factors, using excess deaths
data from its national health system, which aligned with WHO monthly summary data [323].
Treatment with IVM and adjunct agents was deployed at intensive, moderate or limited
levels under semi-autonomous policies in its 25 states, enabling comparisons with reduc-
tions in excess deaths at 30 days after peak values, state by state. A Kendall tau calculation
yields a two-tailed p-value of 0.002 for reductions in excess deaths correlated with level
of IVM use in Peru’s 25 states. On a national scale, during four months of IVM use in
2020, before a new president of Peru elected on November 17 restricted its use, there was
a 14-fold reduction in nationwide excess deaths, and then a 13-fold increase in the two
months following the restriction of IVM use [323]. This set of real-world national health
data, accompanied by extensive additional data by which potential confounding influences
can be tracked, provides another significant indication of efficacy of IVM treatment of
COVID-19.

8. A Comparison of Degree of Clinical Susceptibility to COVID-19 and RBC
Aggregability in Various Animal Species

Susceptibility to COVID-19 and severity of this disease have been tracked for dozens
of mammalian species, as reported in a summary figure by Meekins et al. (2021) [324]. RBC
aggregability values and related values of blood viscosity at low shear velocity have been
tracked for many mammalian species as well, as reported by Baskurt and Meiselman in
2013 [325]. A correlation calculation between these two values, by species, provides a test
of whether RBC aggregability is likely associated with COVID-19 morbidity.

The COVID status of mammalian species was reported by Meekins et al. using
designators for viral shedding, clinical signs, mortality and transmission. We derived a
composite COVID status index from the first three of these indicators (transmission was
not used) with values of 0 for none of these three, 1 for viral shedding only, 2 for clinical
signs and 3 for clinical signs and mortality. For RBC aggregability, an aggregation index
shown in Baskurt and Meiselman for 22 mammalian species was used. They also reported
values of blood viscosity under low-shear conditions for 27 mammalian species that were
closely correlated with the corresponding RBC aggregation index for species having values
shown in both figures. For a species tracked in Baskurt and Meiselman that reported
blood viscosity but not RBC aggregability, the latter value was interpolated from the blood
viscosity value. Correspondence between RBC aggregability and blood viscosity was
established using the values of each for cattle and horses; these species had the minimum
and maximum values of all species tracked by Baskurt and Meiselman, respectively, for
both of these indices.

Table 1 shows the COVID status index and the RBC aggregability index, as described
above, for the 13 species as tracked by both Meekins et al. and Baskurt and Meiselman,
with the following adjustments: For the White-Tailed Deer as listed in Meekins et al., the
mean of the RBC aggregation indices as interpolated from viscosity values for H. Deer,
P.D. Deer and S. Deer (21.6, 23.5 and 9.1, respectively) reported by Baskurt and Meiselman
was used. The contrast between high RBC aggregability in athletic species including horse,
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leopard and rhinoceros vs. low RBC aggregability in sedentary species including domestic
cattle, sheep and goats has been noted by several observers [326–328], including Baskurt
and Meiselman [325], who furnished these values for all four species. The susceptibility
of domestic sheep and goats, neither tracked by Meekins et al., is consistently reported to
be the same (minimal [329,330]) as that for domestic cattle, and the COVID status index
for these two species, 0—the same as the Meekins et al. value for domestic cattle—was,
therefore, added.

Using the methodology described above to determine indices for COVID status index
and RBC aggregation for 13 matching mammalian species, the Kendall tau two-tailed rank
coefficient was calculated [331]; this statistical test was selected because COVID status was
meaningful as a ranking rather than a numerical measure. This calculation demonstrated
a moderately significant correlation (p = 0.033, τb = 0.52), which could be interpreted to
indicate that RBC aggregation is a key determinant but not the exclusive causal factor for
COVID-19 morbidity in mammals.

Table 1. Indices of COVID-19 status and RBC aggregability for mammalian species.

Species COVID Index RBC Aggregation Index

Domestic cat (Cat) 1 (V) 38.18

Malayan Tiger (Tiger) 2 (VC) 35.10

Lion (Lion) 2 (VC) 37.58 *

Snow Leopard (Leopard) 2 (C) 50.12 *

Domestic Dog (Dog) 0 28.15

White-Tailed Deer (H. Deer, P.D. Deer, S. Deer) ** 1 (V) 18.06 *

Domestic Cattle (Cattle) 0 1.34

Domestic Pig (Pig) 0 30.27

House Mouse (Mouse) 0 0.18

Cottontail Rabbit (Rabbit) 0 5.20

Common Marmoset (Marmoset) 2 (C) 3.40 *

Sheep, domestic livestock (Sheep) *** 0 0.18

Goat, domestic livestock (Goat) *** 0 0.18

KENDALL TAU τb = 0.52 p = 0.033

COVID index from Meekins et al. (2021) [324], with RBC aggregation index for the matching species (listed in
parentheses) from Baskurt and Meiselman 2013 [325]. For COVID index, V = viral shedding, C = clinical signs;
no matching species here was reported as having mortal cases. * Value was interpolated from low-shear blood
viscosity. ** RBC aggregation index is the mean of those for the three deer species listed. *** COVID index values
for these species were added as commonly reported in other sources [329,330].

9. Discussion

Consistent with coronavirus and RBC biochemistry established over past decades, the
findings presented here demonstrate the central role of attachments from SARS-CoV-2 SP to
sialylated glycans on RBCs and other blood cells in the severe morbidities of COVID-19. The
glycans that decorate the SP of a coronavirus serve, metaphorically, as the virus’s arms and
legs, its appendages of initial attachment to a host cell. The RBC, with its million strands of
GPA per cell, along with platelets, offers an “immune adherence” defense of pathogens
which can bind to glycans [72,82–88]. The associated hemagglutination is observed for
many strains of coronaviruses [30,32,35–39,41,42], including SARS-CoV-2 [91].

Although these hemagglutinating properties of coronaviruses have been closely stud-
ied and the only known role of the GPA molecule on the RBC, the most abundant cell in the
human body [332,333], is for pathogen binding and clearance [71,72,83,84], these glycan
attachments have been largely overlooked in SARS-CoV-2 research. It is well established
that RBCs, platelets and endothelial cells, which play key roles in COVID-19, are densely
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coated with sialylated glycans [64,65,70] but have no ACE2 (or, for endothelial cells, min-
imal ACE2 [69]) and that the various coronavirus strains use several different host-cell
receptors for replication [30], yet ACE2 has been the exclusive host-cell target of interest in
much of the research on SARS-CoV-2.

One explanation for this limited focus on the RBC and its pathogen-snagging GPA
strands, one million per RBC, may be the lack of consensus on a solved structure of
the extracellular domain of GPA [334,335]. Obstacles to this determination have been
the extensive glycosylation of GPA, hindering the formation of a stable crystal for X-ray
crystallography, and its intrinsically disordered structure [336,337] which allows a set of
variable, extended and unfolded conformations [338–340].

An overemphasis on the role of viral replication and associated viral load in the
pathology of SARS-CoV-2 has led to questionable conclusions. As noted, for the five human
betacoronaviruses, the two benign and three deadly strains are distinguished not by viral
load, which is about the same for the two common cold strains and SARS-CoV-2 [55],
but by the expression of the enzyme HE, which releases glycan attachments to viral SP,
only in the common cold strains, not in SARS, SARS-CoV-2 and MERS [50–54]. For an
agent for which competitive binding to SARS-CoV-2 SP glycan-binding sites has been
indicated in silico [99], IVM, one RCT tested it at a single low dose given on day 1 together
with three other prophylactic regimens, each given daily for 42 days for prevention of
COVID-19 infection [341]. The study concluded that IVM was ineffective because it yielded
no significant reduction in viral load vs. controls, yet IVM at that single dose reduced the
incidence of symptomatic COVID-19 and acute respiratory distress syndrome (ARDS) each
by half, with associated p values of 0.0034 and 0.012, respectively [341].

Among the multifaceted demonstrations that SARS-CoV-2 SP-induced RBC aggrega-
tion and associated microvascular occlusion and hypoxia are central to severe morbidities
of COVID-19, particularly informative are the countervailing effects of agents that inhibit
glycan bindings of SP to RBCs. A mixture of heparan sulfate and heparin, both of which
have strong binding affinity to SARS-CoV-2 SP [103–105], markedly reduced SARS-CoV-2
SP-induced thrombosis in zebrafish [103]. As noted, the strongest or close-to-strongest bind-
ing affinity to SARS-CoV-2 SP in molecular modeling screenings of more than 1000 total
molecules was found for IVM [105,277–279]. Just as LMWD rapidly reversed HMWD-
induced RBC aggregation in vitro [163] and in vivo [148,155–158], IVM both blocked and
reversed SARS-CoV-2 SP-induced hemagglutination in vitro [91]. This effect was paralleled
in three clinical studies as shown in Figure 5, in which depressed SpO2 values in severe
COVID-19 patients on room air were sharply increased within 1–2 days [318–320] after the
first IVM dose, in many cases within hours [318], in contrast to a null effect under SOC
treatment in the fourth study shown.

Neither fibrin-hardened blood clots nor the blockage of all blood flow in a small-
diameter capillary by RBC clumps would be readily reversible by clump disaggregation,
even if effectively achieved. Observations of the reversal of HMWD-induced blood cell
clumping by LMWD, however, provide insights into how disaggregation of RBC clumps
by agents that competitively bind to SARS-CoV-SP could rapidly normalize blood flow
and oxygen levels in severe COVID-19 patients. In mammals, a distributed network of
arterioles can hold a significant total mass of RBC clumps before obstruction of blood
flow becomes critical, while a pulmonary catch-trap architecture can also sequester large
blood cell aggregates [167,178]. The dynamic, reversible character of RBC clumps in vivo
up to a point at which the extent of aggregation becomes critical is demonstrated in the
LMWD disaggregation studies noted above. A direct in vitro parallel, as noted, is the
reversal of hemagglutination induced by SARS-CoV-2 SP over the course of 30 min by IVM
in vitro [91]. A similar effect is strikingly demonstrated in the hemagglutination assay for
viruses that express an enzyme (HE or similar) that cleaves host cell glycans. An interlaced
sheet of RBCs initially forms and then subsequently collapses as that enzyme breaks the
glycan attachments between viral SP and RBCs [31,32].
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Although the central role of sialylated glycan bindings between SARS-CoV-2 SP and
RBCs in the severe morbidities of COVID-19 has been the focus of this paper, such SP
bindings to the heavily sialylated platelets and endothelial cells (which have no ACE2 and
minimal ACE2, respectively) also contribute significantly to these morbidities, as noted
above. Of particular interest is extensive damage to endothelial cells in severe COVID-19
patients, with an associated presence of SARS-CoV-2 virus and SP and elevated levels
of VWF. As noted, an SA-cleaving enzyme was found to remove more than 50% of the
glycocalyx of human kidney endothelial cells [70].

This examination of attachments from SARS-CoV-2 SP to sialylated glycans of RBCs
and other blood cells and endothelial cells was spurred in part by an examination of possible
molecular mechanisms of IVM activity in COVID-19 treatment and prevention. This may
seem curious, given a general perception that IVM is ineffective against COVID-19 [294],
yet major irregularities in some of the best-known such studies with negative conclusions,
as noted in Section 7.3, indicate that the RCT evidence is more accurately characterized as
mixed. It was also noted that in rare cases, such as for the triple therapy for peptic ulcers
and for penicillin, striking demonstrations of drug efficacy against a consistent baseline
of null effect under standard care established drug efficacy without accompanying RCT
evidence. The findings of four studies depicted in Figure 5 appear to present a similar
decisive demonstration of efficacy of IVM in treatment of pre-Omicron COVID infections.

The reports of distinguished scholars of scientific integrity, including current and
past editors of leading scientific journals [342–347], on the vulnerability of science to
commodification [343,347] and “flagrant conflicts of interest” [342] are also useful to bear
in mind as this evidence is sorted out. As one case in point, although the triple-therapy
cure for H. pylori was rapidly deployed in Australia, preventing an estimated 18,665 deaths
there between 1990 and 2015 [348], it was not widely used in the rest of the world until the
late 1990s, after the patents for the two best-selling palliative drugs for that condition had
expired [349].

It is important to note, in evaluating drug treatment options for evolving COVID-
19 variants, that Omicron viral strains, which became predominant in early 2022 [350],
replicate less efficiently in the lung alveolar epithelium as compared with prior variants,
in contrast to Omicron’s faster replication in the bronchi [351,352]. The disruption of
the alveolar–capillary barrier is a prime route by which SARS-CoV-2 enters the blood
stream [353], so limited replication of Omicron in alveolar tissue would limit viral loads
in blood with associated reductions in RBC clumping and disease severity as caused by
Omicron vs. prior variants. Thus, although Boschi et al. (2022) reported a tenfold greater
hemagglutinating activity of Omicron as compared with prior variants [91], this would not
appear to increase the severity of clinical infections, yet could possibly affect the incidence
of adverse effects of COVID-19 booster vaccines for the Omicron variant, which have not
been tested on human subjects [354]. Also, due to limited penetration by Omicron into the
bloodstream, drugs that offer clinical benefits through reductions in RBC aggregation for
pre-Omicron SARS-CoV-2 variants may not have significant efficacy against the less severe
Omicron infections.

This has implications, for example, for evaluation of RCTs for FLV treatment of
COVID-19, given that two recent such studies had substantial numbers of Omicron pa-
tients among their subjects [355,356]. On the other hand, IVM may maintain clinical efficacy
against Omicron variants of SARS-CoV-2 though molecular mechanisms besides com-
petitive inhibition of glycan bindings. For example, high-energy binding by IVM to the
alpha-7 nicotinic acetylcholine receptor (α7nAChr), the main receptor activating the cholin-
ergic anti-inflammatory pathway controlled by the vagus nerve [99,357], was predicted in
silico [99] and was confirmed experimentally in both human and animal cells [358]. Activa-
tion of the α7nAChr by IVM has been demonstrated to trigger a marked increase in Ca++
current evoked by acetylcholine (e.g., a 20-fold shift in the affinity of acetylcholine [358])
and, accordingly, may dramatically decrease excessive macrophage inflammation and
tumor necrosis factor (TNF), which play a major role during the inflammatory phase of
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COVID-19 infection (i.e., the cytokine storm) [99,357,359]. IVM binding to α7nAChr could
also competitively inhibit viral penetration of macrophages and neuronal, endothelial and
type II alveolar epithelial cells through this receptor [99,357].

For long COVID-19 patients, the demonstrated persistent presence of SP and subunits
in plasma [111–113] and monocytes [114], respectively, and microvascular occlusion as
seen in their sublingual vasculature [203] indicate an active therapeutic opportunity for
drugs that limit SARS-CoV-2 SP binding to RBCs. Both optical coherence tomography
angiography (OCT-A) and videomicroscopic imaging of the sublingual microvasculature
offer tools to track microvascular occlusion that typically occurs in long COVID patients
and to track any improvements that may be provided by drugs, either those highlighted
here or others, in clinical treatment as well as in research settings.

10. Conclusions

The central role of sialylated glycan attachments between SARS-CoV-2 SP and RBCs
and other blood cells in the severe morbidities of COVID-19 is founded on well-established
biochemistry of coronaviruses and RBCs and established here through multiple channels
of substantiation. Many preclinical and clinical studies show that SARS-CoV-2 SP attaches
to and aggregates RBCs. Experimentally induced RBC clumping in vivo causes the same
morbidities and the same redistribution of blood flow from smaller to larger blood vessels
as for severe COVID-19. The key risk factors of increased age, diabetes and obesity for
COVID-19 morbidity are each associated with significantly increased RBC aggregation.
SARS-CoV-2 SP in the absence of whole virus as generated experimentally by IV injection
of mRNA COVID vaccines in vivo, which caused SP to be generated in the absence of
whole virus, induced microvascular occlusion.

Three generic agents which attracted prominent interest as COVID-19 therapeutics
all yielded significant reductions in RBC aggregation. For mammalian species, the degree
of clinical susceptibility to COVID-19 correlates with the aggregation propensity of RBCs
with p = 0.033. These in vitro, in vivo and clinical findings, together, provide a convincing
demonstration that RBC aggregation induced by SARS-CoV-2 SP through sialylated glycan
attachments and resulting microvascular occlusion is key to the morbidities of severe
COVID-19. These insights can support therapeutic and preventative strategies for evolving
variants of this disease and for long COVID, while imaging of the retinal or sublingual
microvasculature of active or long COVID patients can provide important support to
these efforts.
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Abbreviations

The following abbreviations are used in this manuscript:

α7nAChr alpha-7 nicotinic acetylcholine receptor
ARDS acute respiratory distress syndrome
BMI body mass index
CEC circulating endothelial cell
COVID-19 coronavirus disease 2019
ECG electrocardiogram
ELISA enzyme-linked immunosorbent assay
FDG fluorodeoxyglucose F18
FLV fluvoxamine
Gal galactose
GPA glycophorin A
HCQ hydroxychloroquine
HE hemagglutinin esterase
HMWD high-molecular-weight dextran
HPLC high-performance liquid chromatography
IM intramuscular
IV intravenous
IVM ivermectin
LMWD low-molecular-weight dextran
long COVID post-acute sequelae of COVID-19 or PASC
MW molecular weight
Neu5Ac α5-N-acetylneuraminic acid
NTD N-terminal domain
OCT-A optical coherence tomography angiography
PBS phosphate-buffered saline
RBC red blood cell
RBD receptor-binding domain
RCT randomized controlled trial
SA sialic acid
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
SOC standard of care
SP spike protein
SpO2 peripheral oxygen saturation
SSRI selective serotonin reuptake inhibitor
VD vascular density
VWF von Willebrand factor
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Abstract: Inflammation along with coagulation disturbances has an essential role in the evolution
towards a severe disease in patients with the coronavirus disease 2019 (COVID-19). This study
aimed to evaluate inflammatory and coagulation biomarkers when predicting the need to visit an
intensive care unit (ICU) in diabetes mellitus (DM) patients. In a retrospective study, laboratory
parameters were examined for 366 participants: ICU = 90, of which 44 patients had DM and no ICU
admittance = 276. The ability of inflammatory and coagulation markers to distinguish the severity
of COVID-19 was determined using univariate and multivariate regression analysis. In all patients,
lactate dehydrogenase was the only predictor for ICU admittance in the multivariate analysis. In the
DM group, the results showed that the interleukin (IL)-6 and neutrophil/lymphocyte ratio (NLR)
values at admission could predict the need for ICU admittance. Even though there were significant
differences between the ICU and no ICU admittance groups regarding the coagulation markers,
they could not predict the severity of the disease in DM patients. The present study showed for the
first time that the IL-6 and NLR admission values could predict ICU admittance in DM patients.
This finding could help clinicians manage the infection more easily if the COVID-19 pandemic
strikes again.

Keywords: COVID-19; inflammation; coagulopathy; diabetes mellitus; severity

1. Introduction

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has been identi-
fied as the etiology of an outbreak that occurred in 2020 in Wuhan, China. Although the
majority of patients developed mild to moderate symptoms with favorable evolution, a
minority of patients with the coronavirus disease 2019 (COVID-19) had severe pneumonia,
pulmonary edema, coagulation abnormalities with disseminated intravascular coagulation,
acute respiratory distress syndrome (ARDS), septic shock, or even multiple organ failures,
requiring hospitalization in the intensive care unit (ICU) or even leading to death [1]. All
ages are prone to becoming infected but accumulating evidence has demonstrated that
elderly individuals with comorbidities, such as hypertension, diabetes mellitus (DM), and
cardio-vascular diseases (CVDs), are especially at a high risk of developing the severe
disease, with a poor evolution and prognosis [2–4].

DM is a chronic metabolic disease with associated low-grade chronic inflammation [5].
Diabetes itself leads to increased cytokine production, including interleukin (IL)-1, IL-
6, IL-8, and tumor necrosis factor-α (TNF-α) [6]. Also, is known to be involved in the
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dysregulation of the glycosylation of the fragment crystallizable region of immunoglobulin
G (IgG Fc) [7]. Given these disturbances in the immune system, patients with DM are more
susceptible to viral and bacterial infectious diseases [5,8].

During COVID-19, it has been shown that hyperglycemia along with a pre-existing
chronic inflammation in DM patients increases the risk of an abnormal immune response
and a hyperinflammatory status followed by a cytokine storm [9]. These changes are
associated with an increased risk of ICU hospitalization and high mortality [4]. Inflamma-
tion has been linked to a prothrombotic status, expressed by a high level of coagulation
markers: D-dimer, fibrinogen, and prothrombin time [10]. A high incidence of venous
thromboembolism, pulmonary thromboembolism, stroke, or acute coronary syndrome
was observed with COVID-19 [11]. In patients with DM, coagulation disorder [12] and
endothelial dysfunction are essential risk factors that aggravate the infection.

Considering that during the SARS-CoV-2 infection, the morbidity and mortality among
patients with diabetes were higher compared to the general population (especially for un-
vaccinated patients), establishing biomarkers that could be used as predictors of severity
would be useful from a clinical point of view. Given the broad-spectrum clinical presen-
tation and the potential variability of disease evolution, early recognition of a hyperin-
flammatory and hypercoagulation state would allow the timely application of preventive
measures for a fulminant evolution.

Therefore, this study aimed to evaluate the predictive value of routinely determined
inflammatory biomarkers to differentiate severe—with need of ICU—from non-severe
cases in patients with DM. Secondary objectives included the evaluation of coagulation
markers as predictors of disease severity.

2. Results

2.1. Demographic and Baseline Characteristics of ICU Patients and Those Who Did Not Require
ICU Admittance

During this study, 588 patients were hospitalized for the SARS-CoV2 infection. After
applying the inclusion and exclusion criteria, 366 were included in this study. Of the total
number of participants, 90 were transferred to the ICU during hospitalization (44 with
diabetes and 46 without diabetes). Figure 1 presents the flowchart of the participants’
selection criteria and the distribution of the study population.

Figure 1. Flow chart of screening and enrolment of the participants.
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The baseline characteristics of patients are summarized in Table 1. The median age
was 68.5 (IQR 23-99) years and 228 (62.29%) were men. Of all patients, 177 were known to
have type 2 diabetes. Of the total number of participants, 90 patients were admitted to the
ICU department (ICU group), of which 44 had diabetes. Patients admitted to the ICU had
more frequent obesity (92.22% vs. 82.24%, p = 0.001) or advanced-stage abnormalities on
chest CT (ground-glass opacities—p < 0.001, and total severity score—p < 0.001), with a
higher rate of mortality in the hospital—62.2% vs. 15.2%, p < 0.0001.

Table 1. Demographic and radiologic characteristics of the participants.

Characteristics
Total Patients

n = 366
ICU

n = 90
No ICU Admittance

n = 276

No. % No. % No. % p-Value

Age, years (median; Q1, Q3) 68.5 [23–99] 69 [63–75] 68 [60–77] 0.627

Men, n % 228 62.29 51 56.66 177 64.13 0.205

Comorbidities, n
(%)

Obesity
(BMI ≥ 30 kg/m2)

153 41.8 83 92.22 227 82.24 0.001

Hypertension 133 75.4 70 77.8 206 74.6 0.548

Cardiovascular disease 24 56.6 54 60 153 55.4 0.448

Diabetes mellitus 177 48.4 44 48.9 133 48.2 0.908

Respiratory disease 135 18.6 19 21.1 49 17.8 0.477

Disease severity

<0.0001
-mild 36 9.8 2 2.2 34 12.3

-moderate 63 17.2 4 4.4 59 21.4
-severe 266 72.7 84 93.4 182 65.6

Ground-glass opacity (n, %) 198 54.1 63 70.0 135 48.9 <0.0001

TSS

<0.0001

1 181 49.6 31 34.4 150 54.5
2 82 22.5 11 12.2 71 25.8
3 60 16.4 23 25.6 37 13.5
4 42 11.5 25 27.8 17 6.2

Vaccinated 34 9.3 7 7.8 27 9.8 0.569

Mechanical ventilation 52 14.2 49 54.4 3 1.1 <0.0001

Mortality 98 26.8 56 62.2 42 15.2 <0.0001

Data are expressed by median (minimum value–maximum value) or n%. p values comparing ICU patients and
patients with no ICU admittance; BMI—body mass index; disease severity: mild: clinical symptoms without
abnormal radiological findings; moderate: pneumonia on chest computed tomography (CT) without fulfilling any
criterion for severe disease; severe: respiratory distress, a respiratory rate ≥30 per minute, SpO2 ≤ 93%, or partial
pressure of arterial oxygen/concentration of oxygen inhaled (PaO2/FiO2 ratio) ≤300 mmHg; TSS—total severity
score; the sum of acute inflammatory lung lesions involving each lobe was scored as follows: 1—0–25%; 2-mild
involvement: 26–50%; 3-moderate involvement: 51–75%; severe involvement—76–100%.

The routine blood parameters recorded on the first day of admission were further
compared between the ICU and non-ICU admittance groups, as shown in Table 2. Com-
pared to those without ICU admittance, subjects in the ICU group had a significantly higher
white blood cell (WBC) count and neutrophilia but lower lymphocyte and platelet counts.
Those without ICU admittance had significantly higher lymphocyte levels. Concerning
coagulation markers, D-dimers were higher in the ICU group than in the group without
ICU admittance, with p = 0.001. Thrombocytopenia was more frequently encountered in
patients requiring ICU—p = 0.049. The platelet-to-albumin ratio (P/Alb) was lower in ICU
patients. No significant difference was observed for other tested parameters.
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Table 2. Laboratory findings at admission.

Parameters Total Patients n = 366 ICU n = 90 No ICU Admittance n = 276 p Value

White blood cells ×103/L 8.24 [1.81–39.69] 8.62 [5.39–11.24] 7.06 [5.29–10.01] 0.023

Neutrophil count, ×103/L 6.87 [0.18–102.3] 6.79 [4.47–9.65] 5.43 [3.73–8.12] 0.007

Monocyte count ×103/L 0.42 [0.01–1.37] 0.35 [0.21–0.51] 0.37 [0.26–0.59] 0.084

Lymphocyte count, ×103/L 1.35 [0.1–54] 0.84 [0.64–1.15] 1.02 [0.74–1.51] 0.001

Eosinophil count, ×103/L 0.17 [0–1.98] 0 [0–0.01] 0.005 [0–0.107] 0.001

Platelets count, ×103/L 245.7 [34.7–634] 205 [159.75–282.25] 230.50 [174.25–308.25] 0.049

D-dimer, μg/mL 1429.79 [0.08–39698] 807 [434.5–1852.5] 539.5 [321–940] 0.001

Fibrinogen, mg/dL 412.65 [317.77–507.95] 415 [314.5–496.25] 412.65 [318.05–513.07] 0.323

Albumin, g/mL 3.30 [3.06–3.69] 3.27 [3.14–3.72] 3.33 [2.96–3.67] 0.262

Troponin, ng/mL 0.85 [0.05–5.70] 0.50 [0.05–1.20] 1.03 [0.06–1.30] 0.011

NT-proBNP 2148.36 [50–12931] 941 [50–4253] 742 [112.25–3082.75] 0.945

INR 1.06 [0.82–1.65] 1.01 [0.93–1.14] 1.01 [0.91–1.16] 0.613

aPTT (s) 24.02 [17.2–34.9] 27 [22.1–29.2] 22.1 [18.85–25.25] 0.110

Prothrombin time (s) 11.4 [8.1–17.2P] 11.8 [9.3–17.1] 11.3 [8.1–17.2] 0.842

PLR 281.58 [4.82–1754.54] 253.9 [164.05–345.1] 214.96 [143.26–356.78] 0.098

Fbg/Alb 131.17 [48.23–342.58] 120.08 [90.29–149.44] 123.36 [96.51–163.51] 0.265

P/Alb 66.66 [50.33–98.05] 60.99 [47.98–85.24] 67.77 [51.81–103.09] 0.031

INR—international normalized ratio; aPTT—activated partial thromboplastin time; PLR—platelet/lymphocyte
ratio; Fbg/Alb—fibrinogen/albumin ratio; P/Alb—platelet/albumin ratio; s- second.

The results for inflammatory biomarkers at admittance are presented in Figure 2. The
analysis revealed that patients admitted to the ICU department had statistically significant
values, with p < 0.05, for C-reactive protein (CRP)—71.7 (range; 20.89–120.37) mg/L vs.
33.55 (10.53–86.15) mg/L, IL-6—35.03 (range; 16.9–82.62) pg/mL vs. 21.9 (range; 8.83–48.85)
pg/mL, ferritin—842.5 (range; 353.5–1655.5) ng/mL vs. 569.9 (range; 278.9–1203) ng/mL,
and lactate dehydrogenase (LDH)—529 (range; 395–755.5) U/L vs. 393 (range; 270.75–
550.25) U/L. Also, the ratio value for the systemic inflammation index (SII), systemic
inflammation response index (SIRI), neutrophil/lymphocyte ratio (NLR), and CRP to
albumin ratio (CRP/Alb) was significantly higher in patients who required ICU admittance,
as follows: SII–1830.28 (range; 810.35–3041.31) vs 1214.02 (range; 578.41–2252.46), SIRI—
2.35 (range; 1.24–5.18) vs. 1.91 (range; 1.00–7.04), NLR—8.30 (range; 4.51–12.89) vs. 5.27
(3.23–8.98), and CRP/Alb—21.79 (6.18–37.87) vs. 9.77 (3.23–26.59).

61



Int. J. Mol. Sci. 2023, 24, 14908

Figure 2. Inflammatory markers between groups. CRP—C-reactive protein; IL6—interleukin-6;
LDH—lactate dehydrogenase; SII—systemic inflammation index; SIRI—systemic inflammation
response index; NLR—neutrophil/lymphocyte ratio; CRP/Alb—C-reactive protein-to-albumin ratio;
ICU—Intensive Care Unit.

2.2. Potential Markers for Identifying Severe Cases with Need of ICU Admittance

The biomarkers of interest that were statistically significantly different between the
ICU patients and those not requiring ICU admittance were further included in a univariate
logistic regression analysis, with the ICU need as a dependent variable. The univariate
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logistic regression analysis showed that the values of CRP (odds ratio [OR] = 1.006), IL-6
(OR = 1.013), ferritin (OR = 1.000), LDH (OR = 1.002), SII (OR = 1.000), SIRI (OR = 1.053),
NLR (OR = 1.074), CRP/Alb (OR = 1.014), and P/Alb (OR = 0.993) were independent
predictors of ICU admittance in all patients, whereas D-dimers were not. Subsequently,
variables independently associated with ICU admittance in the univariate regression were
used as predictors in a multivariate logistic regression model, with ICU admittance as a
dependent variable. The multivariate regression model was unadjusted (Model 1a) and
adjusted (Model 2b) for variables that have been shown to be associated with the severity
of the disease: age, gender, body mass index, DM, cardiovascular diseases, hyperten-
sion, chronic kidney diseases, respiratory diseases, or vaccination status. The LDH level
(OR = 1.002, 95% confidence interval [95%CI]: 1.000–1.005, p = 0.044) was the only marker
associated with ICU admittance in all participants, independent of the variables correlated
with the severity of the infection (Table 3).

Table 3. Univariable and multivariable logistic regression analysis for detecting the indicators for an
ICU admittance in all sample analyzed.

Model 1 a Model 2 b

Variables
Univariable
OR (95%CI)

p-Value
Multivariable
OR (95% CI)

p-Value
Multivariable
OR (95% CI)

p-Value

CRP 1.006
(1.003–1.009) <0.0001 1.010

(0.985–1.035) 0.427 0.096
(0.965–1.027) 0.794

IL-6 1.013
(1.002–1.023) 0.017 1.014

(1.000–1.027) 0.044 1.014
(0.999–1.030) 0.070

Ferritin 1.000
(1.000–1.000) 0.006 1.000

(0.999–1.000) 0.348 1.000
(0.999–1.000) 0.328

LDH 1.002
(1.001–1.002) <0.0001 1.002

(1.000–1.003) 0.083 1.002
(1.000–1.005) 0.044

D-dimer 1.000
(1.000–1.000) 0.091 - - - -

SII 1.000
(1.000–1.000) 0.007 1.000

(1.000–1.001) 0.347 1.000
(0.999–1.001) 0.572

SIRI 1.053
(1.006–1.103) 0.028 0.950

(0.752–1.199) 0.666 1.073
(0.807–1.428) 0.628

NLR 1.074
(1.036–1.112) <0.0001 1.052

(0.881–1.255) 0.576 1.062
(0.864–1.305) 0.569

CRP/Alb 1.014
(1.004–1.024) 0.008 0.988

(0.921–1.060) 0.735 1.035
(0.945–1.135) 0.457

P/Alb 0.993
(0.986–1.000) 0.044 0.979

(0.951–1.008) 0.161 0.973
(0.939–1.009) 0.136

a Model 1: unadjusted for age, gender, body mass index, diabetes mellitus, cardiovascular diseases, hyperten-
sion, chronic kidney diseases, respiratory diseases, vaccination status. b Model 2: adjusted for age, gender,
body mass index, diabetes mellitus, cardiovascular diseases, hypertension, chronic kidney diseases, respiratory
diseases, vaccination status. CRP—C-reactive protein; IL-6—interleukin-6; LDH—lactate dehydrogenase; SII—
systemic inflammation index; SIRI—systemic inflammation response index; NLR—neutrophil/lymphocyte ratio;
CRP/Alb—C-reactive protein-to-albumin ratio; P/Alb—platelet/albumin ratio.

2.3. Predictors of Severity Correlated with Diabetic Status
2.3.1. Predictors of ICU Admittance in DM Patients

To further investigate the predictors for ICU admittance in the DM subjects, regression
analysis was performed for the DM group—Table 4. In the univariate regression, CRP,
IL-6, ferritin, LDH, and NLR were significantly associated with ICU admittance, with
p < 0.05. These were further included in the unadjusted multivariate regression model and
NLR was the only variable that remained associated with the increased odds of an ICU
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admittance. After adjusting for age, gender, body mass index, cardiovascular diseases,
hypertension, chronic kidney diseases, respiratory diseases, and vaccination status in the
multivariate model, NLR and IL-6 were predictors for ICU admittance (OR 1.228 and 1.028,
respectively).

Table 4. Univariable and multivariable logistic regression analysis for detecting the indicators for
ICU admittance among patients with diabetes.

Model 1 a Model 2 b

Variables
Univariable
OR (95%CI)

p-Value
Multivariable
OR (95%CI)

p-Value
Multivariable
OR (95% CI)

p-Value

CRP 1.007
(1.001–1.012) 0.014 1.003

(0.996–1.010) 0.376 1.000
(0.989–1.011) 0.976

IL-6 1.022
(1.004–1.041) 0.019 1.016

(0.996–1.036) 0.118 1.028
(1.002–1.055) 0.034

Ferritin 1.000
(1.000–1.001) 0.011 1.000

(0.999–1.001) 0.938 1.000
(0.999–1.001) 0.908

LDH 1.002
(1.001–1.004) <0.0001 1.002

(0.999–1.004) 0.147 1.003
(0.999–1.006) 0.128

D-dimer 1.000
(1.000–1.000) 0.297 - - - -

SII 1.000
(1.000–1.000) 0.061 - - - -

SIRI 1.026
(0.968–1.088) 0.383 - - - -

NLR 1.070
(1.015–1.128) 0.011 1.120

(1.011–1.241) 0.029 1.228
(1.045–1.443) 0.013

CRP/Alb 1.011
(0.998–1.024) 0.091 - - - -

P/Alb 0.993
(0.984–1.002) 0.134 - - - -

a Model 1: unadjusted for age, gender, body mass index, cardiovascular diseases, hypertension, chronic kidney
diseases, respiratory diseases, vaccination status. b Model 2: adjusted for age, gender, body mass index, cardiovas-
cular diseases, hypertension, chronic kidney diseases, respiratory diseases, vaccination status. CRP—C-reactive
protein; IL6—interleukin-6; LDH—lactate dehydrogenase; SII—systemic inflammation index; SIRI—systemic
inflammation response index; NLR—neutrophil/lymphocyte ratio; CRP/Alb—C-reactive protein to albumin
ratio; P/Alb—platelet/albumin ratio.

2.3.2. Predictors for ICU Admittance among Patients without DM

As for patients with DM, we identified predictors of ICU admittance among those
without DM using similar variables. The results are presented in Table 5. From the univari-
ate regression analysis, predictors for ICU admittance were associated with increased CRP,
D-dimers, SIRI, NLR, and CRP/Alb levels. However, neither in the unadjusted nor in the
adjusted multivariate models, the parameters did not remain associated with increased
odds for ICU admittance—p > 0.05 for all tested variables.
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Table 5. Univariable and Multivariable Logistic Regression Analysis for ICU admittance among
patients without diabetes.

Model 1 a Model 2 b

Variables
Univariable
OR (95%CI)

p-Value
Multivariable
OR (95%CI)

p-Value
Multivariable
OR (95% CI)

p-Value

CRP 1.005
(1.001–1.010) 0.017 1.015

(0.986–1.045) 0.318 1.026
(0.987–1.067) 0.193

IL-6 1.006
(0.994–1.019) 0.323 - - - -

Ferritin 1.000
(1.000–1.000) 0.059 - - - -

LDH 1.001
(1.000–1.002) 0.149 - - - -

D-dimer 1.000
(1.000–1.000) 0.033 1.000

(1.000–1.000) 0.246 1.000
(1.000–1.001) 0.113

SII 1.000
(1.000–1.000) 0.049 1.000

(0.999–1.000) 0.281 1.000
(0.999–1.000) 0.459

SIRI 1.092
(1.012–1.179) 0.024 1.071

(0.908–1.265) 0.414 1.088
(0.889–1.332) 0.412

NLR 1.076
(1.026–1.129) 0.003 1.090

(0.998–1.190) 0.056 1.080
(0.967–1.206) 0.172

CRP/Alb 1.017
(1.002–1.033) 0.028 0.962

(0.869–1.065) 0.457 0.932
(0.812–1.069) 0.315

P/Alb 0.991
(0.980–1.002) 0.123 - - - -

a Model 1: unadjusted for age, gender, body mass index, cardiovascular diseases, hypertension, chronic kidney
diseases, respiratory diseases, vaccination status. b Model 2: adjusted for age, gender, body mass index, cardiovas-
cular diseases, hypertension, chronic kidney diseases, respiratory diseases, vaccination status. CRP—C-reactive
protein; IL-6—interleukin-6; LDH—lactate dehydrogenase; SII—systemic inflammation index; SIRI—systemic
inflammation response index; NLR—neutrophil/lymphocyte ratio; CRP/Alb—C-reactive protein-to-albumin
ratio; P/Alb—platelet/albumin ratio.

3. Discussion

In the present study that evaluated inflammatory and coagulation biomarkers that
may qualify as predictors for COVID-19 severity, we showed for the first time that IL-6 can
predict severe cases of COVID-19 in patients with diabetes.

Studies published so far showed that IL-6 is a predictor of severity in COVID-19
patients without diabetes [13,14]. In the severe form of the disease, the immune responses
induced by the coronavirus contribute to virus clearance, causing cytokine release syn-
drome (CRS) [15]. One of the primary inflammatory cytokines is IL-6 [16]. In critically
ill patients, it has been shown that high levels of pathogenic T cells and inflammatory
monocytes are secreting large amounts of IL-6. These events could trigger an inflammatory
storm [17], leading to ARDS [18]. A recent report demonstrated that dehydroepiandros-
terone sulfate (DHEAS) has an inhibitory role on IL-6, with a defense immune effect in
the SARS-CoV-2 infection [19]. In light of the important role in predicting the severity of
COVID-19, it has been proven that patients with diabetes were more likely to receive me-
chanical ventilation, be admitted to the ICU, and have higher mortality [20]. Moreover, IL-6
contributes to the hypercoagulability status together with TNF-α and IL-1, a phenomenon
which, if accompanied by severe inflammatory syndrome, leads to disseminated intravas-
cular coagulation [10,14]. In the SARS-CoV2 infection, there has been an “infection-induced
coagulopathy” phenomenon, resulting from hyperactivation of endothelial cells (due to the
increased amount of IL-6) and increased release of tissue factor [21].
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In COVID-19 patients, when the cytokine storm occurs, not only the cytokines rise
sharply but other inflammatory markers as well. Hyperinflammation caused by COVID-19
seems to increase NLR levels due to reactive oxygen species released from neutrophils
which are causing the cell’s DNA damage [22]. It has been shown that the NLR value
is a more sensitive inflammatory marker than the absolute neutrophil and lymphocyte
counts [23]. Both neutrophils and lymphocytes are involved in the immune response:
inflammation induces neutrophilia, and lymphopenia occurs by suppressing the immune
system [24]. In our study, using multivariate regression analysis, we found that NLR
could predict the severity of COVID-19 in patients with DM, with results similar to those
previously published [25]. The more pronounced increase in NLR in patients with diabetes
is due to two mechanisms: the pre-existing chronic inflammation in diabetic patients and the
acute inflammation associated with the SARS-CoV-2 infection [26]. A study published by
Hussain et al. [27] showed that NLR is associated with higher values for HbA1c, FBG, and
CRP in patients with DM. Considering that the COVID-19 infection triggers an important
inflammatory syndrome accompanied by increased glycemic values, it can be hypothesized
that NLR is also a predictor of glycemic imbalance during hospitalization for patients with
diabetes.

In the present study, although the CAR ratio in ICU patients was a predictor for
severe disease in the univariate regression, the multivariate regression analysis failed to
show a predictive relationship between the severity of infection and CAR. A meta-analysis
published by Rathore et al. [28] found that CAR is a predictor of severity in the SARS-CoV-2
infection. The differences may be due to different stages of the inflammatory period in
patients analyzed, as Kuluöztürk et al. [29] showed that changes in the levels of acute phase
reactants do not appear at the same time in all patients.

We also found significant differences between ICU patients and those without ICU
admittance for both SII and SIRI. However, both failed as prognosis markers for the severity
of the SARS-CoV2 infection, in line with previous reports [8].

The present study also showed that LDH could predict a severe disease in ICU
patients, which is similar to the result published by Henry et al. [30]. In line with our
findings, Wang et al. [31] reported higher LDH values (p-value < 0.001) in ICU compared to
non-ICU patients. Considering that in severe/critical SARS-CoV-2 infections some patients
developed ARDS, Mesa [32] proved that LDH, alongside thiol and ferritin, is a prognostic
biomarker for ARDS development. LDH is an enzyme whose elevated levels indicate the
lysis of cells found in different parenchymal organs: heart, liver, muscle, lung, and bone
marrow. It was considered a marker of inflammation and a predictor for pneumonia in
literature published so far [30]. In severe COVID-19 patients, through inflammatory lesions
and cell lysis, increased values are associated with a poor prognosis [30], which is similar
to the results presented in this paper. Also, high levels on the first day of admission were
correlated previously with new-onset diabetes [33]. Additionally, LDH levels are higher
in thrombotic microangiopathy, which is linked in previous studies to renal failure and
myocardial injury [34].

Inflammation has a pivotal role in the pathophysiologic mechanism of thrombotic
complications in atherosclerosis. In patients with DM, coagulation and endothelial dysfunc-
tion are essential factors that aggravate the coronavirus infection [12]. Hypercoagulation,
expressed by increased levels of D-dimers, fibrinogen, and abnormalities in prothrombin
time (PT), and activated partial thromboplastin time (aPTT), along with thrombocytopenia,
are other causes responsible for a poor prognosis, being associated in previous studies with
a more severe COVID-19 disease [35,36]. When an imbalance in coagulation pathways
occurs, patients with a severe form of disease might develop disseminated intravascular
coagulation, with thrombocytopenia as a key element. The hyperinflammatory state ob-
served in COVID-19 destroys bone marrow progenitor cells, with a secondary reduction in
platelet production [37]. Another proposed mechanism for thrombocytopenia results from
the higher disease severity and degree of lung damage in ICU patients; the impaired lung
tissue together with pulmonary endothelial cells could mobilize the lung platelets leading
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to aggregation and development of microthrombi, with an increase in platelet consump-
tion [37]. High levels of D-dimers were highly correlated with blood clot formation and
disseminated intravascular coagulation [36,38]. In recently published literature, a hyperco-
agulability state expressed by increased D-dimer levels was more frequently associated
with mortality in hospitalized patients with COVID-19, as Zhang et al. showed [39]. In the
present study, although lower platelet levels and higher D-dimer levels were observed in
ICU patients, after adjusting for confounders in multivariate analysis, no association with
ICU admittance was observed neither in the DM patients nor in the non-DM group.

This study has several limitations. Firstly, the current paper is a retrospective study,
and the data were collected from electronic records; therefore, the accuracy and reliability
of the data could vary from subject to subject. Secondly, although the blood laboratory tests
were recorded on the first day of hospitalization, subjects could be in different stages of the
disease. Thirdly, the small number of DM patients who needed ICU care could provide
inaccurate results; so, the present findings should be interpreted with caution. Finally,
the findings of this study were described over a considerable period, and variants of the
coronavirus could interfere with the results.

4. Materials and Methods

4.1. Study Design and Participants

The present paper was designed as an observational, analytical, and retrospective
study. Data were obtained from the electronic medical record system of “Leon Daniello”
Pulmonology University Hospital in Cluj-Napoca, Romania. Consecutive COVID-19
patients (n = 366) admitted to a tertiary Pneumonology University Hospital in Cluj-Napoca,
Romania, between 1 April 2021, and 31 January 2022 who met the inclusion criteria and
without any exclusion criteria were counted in this study. The inclusion criteria were
(1) age > 18 years; (2) a laboratory-confirmed diagnosis of the SARS-CoV2 infection by a
real-time-polymerase chain reaction (RT-PCR) of a nasopharyngeal swab; (3) the absence of
previously diagnosed chronic illness, which alters the leukocyte formula (e.g., inflammatory
chronic disease, autoimmune disease, active cancer, or hematological disorders); and (4)
hospitalization > 48 h. Patients excluded from this analysis were those with (1) chronic
pharmacological treatment known to affect the leukocyte formula (e.g., chemotherapy or
immunosuppressive therapy), (2) duplicate data records, (3) missing clinical, biochemical
or radiological findings, or (4) those patients who were transferred to another hospital.

Data about age, gender, body mass index, and personal medical history of hyper-
tension, diabetes, cardiovascular diseases, respiratory diseases, and laboratory tests were
entered into a dedicated electronic database. Results of the following laboratory investi-
gations were collected whenever available: complete blood count, including white blood
cell count with leukocyte subtypes, platelet count, cardiac (troponin I, NT pro-BNP), and
coagulation markers: D-dimer, fibrinogen, international normalized ratio (INR), activated
partial thromboplastin time (aPTT), and prothrombin time (PT); also, inflammatory mark-
ers, such as ferritin, CRP, LDH, and outcome during hospitalization: recovery, the need of
ICU, intubation, or death. The hemogram-derived ratios were calculated using a part of
the complete blood count. While the NLR is calculated by dividing the neutrophil count by
the lymphocyte count, the platelet-to-lymphocyte count ratio results from the division of
platelets into lymphocytes. A marker that combines the previously mentioned parameters
is SII, which is obtained by multiplying neutrophils with platelets and the result is divided
by the number of lymphocytes. SIRI is a result of (neutrophils × monocytes)/lymphocytes.
The other ratios calculated were fibrinogen divided into albumin, P/Alb, and CRP/Alb.

Also, a CT scan was performed at admission. The CT total severity score was evaluated
by lobe involvement for each lung separately, as follows 1-minimal involvement: 1–25%;
2-mild involvement: 26–50%; 3-moderate involvement: 51–75%; severe involvement—76–
100% [40]. The decision regarding ICU admission was made according to the Modified
National Early Warning Score (Modified NEWS) for COVID-19 patients [41]. To verify
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the accuracy of patient data collection, two researchers independently double-checked the
electronic information.

Participants were divided into two groups: ICU patients and patients without ICU
admittance, and each further into DM and non-DM groups. To find the predictors for
severe disease in patients with diabetes, in the first phase, we found out the predictors
for ICU admittance in the entire population. All statistically significant inflammatory
and coagulation markers were subsequently included in the univariate and multivariate
analysis for DM and non-DM patients.

4.2. Ethics Consideration

This study was designed in accordance with the Declaration of Helsinki and authorized
by the Ethics Committee of “Iuliu Hat,ieganu” University of Medicine and Pharmacy Cluj-
Napoca, Romania (approval No 298/29.11.2022). The patient’s consent was not necessary,
given the retrospective, non-interventional nature of the study.

4.3. Statistical Analysis

Statistical analysis was performed using the IBM SPSS Statistics V26.0 (IBM Corp.:
Armonk, NY, USA). The histograms and the Kolmogorov–Smirnov test were used to verify
the normal distribution of data. The Student t-test and the non-parametric Mann–Whitney
U test were used to test the significance of differences in continuous variables between
the groups, while the chi-square test and Fisher’s exact test were used for categorical
variables. Continuous variables were reported as mean and standard deviation (SD) or as
median (25–75% quarters), depending on the normality of the distribution for each variable.
Categorical variables were expressed as frequency (percentages).

All parameters with a statistically significant difference between groups were further
included in the univariate logistic regression analysis. Variables associated with the need
for ICU in univariate analysis were further included in a multivariate logistic regression
adjusted for variables that have been shown to be associated with the severity of COVID-
19—age, gender, body mass index, cardiovascular diseases, hypertension, chronic kidney
diseases, respiratory diseases, and SARS-COV-2 vaccination status. A p-value < 0.05 was
considered statistically significant.

5. Conclusions

Herein we showed for the first time that IL-6 and NLR could predict the severity of
the disease in COVID-19 patients with DM. Considering that patients with diabetes present
a higher risk of developing a severe form of SARS-CoV2 infection, the present findings
emphasize the major importance of identifying patients with an increased inflammatory
status from the first day of admission. An early treatment that targets both SARS-CoV-2
infection and antihyperglycemic treatment could reduce the evolution towards a severe
form, ketoacidotic coma, and mortality. Therefore, the role of IL-6 in COVID-19 deserves
special attention, even if its contribution to predicting the severe case is not fully understood.
Further studies are needed to elucidate its role and to determine cutoff values associated
with worse outcomes.
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Abstract: The course of COVID-19 is highly dependent on the associated cardiometabolic comor-
bidities of the patient, which worsen the prognosis of coronavirus infection, mainly due to systemic
inflammation, endothelium dysfunction, and thrombosis. A search on the recent medical litera-
ture was performed in five languages, using the PubMed, Embase, Cochrane, and Google Scholar
databases, for the review of data regarding the management of patients with a high risk for severe
COVID-19, focusing on the associated coagulopathy. Special features of COVID-19 management
are presented, based on the underlying conditions (obesity, diabetes mellitus, and cardiovascular
diseases), emphasizing the necessity of a modern, holistic approach to thromboembolic states. The
latest findings regarding the most efficient therapeutic approaches are included in the article, offering
guidance for medical professionals in severe, complicated cases of SARS-CoV-2 infection. We can con-
clude that severe COVID-19 is closely related to vascular inflammation and intense cytokine release
leading to hemostasis disorders. Overweight, hyperglycemia, cardiovascular diseases, and old age are
important risk factors for severe outcomes of coronavirus infection, involving a hypercoagulable state.
Early diagnosis and proper therapy in complicated SARS-CoV-2-infected cases could reduce mortality
and the need for intensive care during hospitalization in patients with cardiometabolic comorbidities.

Keywords: COVID-19; viscoelastometry; hypercoagulable state; thrombosis; coagulopathy; venous
thromboembolism; obesity; diabetes mellitus; cardiovascular diseases; stroke

1. Introduction

COVID-19 is an acute respiratory infection caused by the severe acute respiratory
syndrome virus SARS-CoV-2. Risk factors, such as age, male gender, associated chronic
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diseases, and/or altered metabolic states determine the severity of this condition, leading
to a significant burden for intensive care units (ICUs) [1–4].

The continuously rising prevalence of type 2 diabetes mellitus (T2DM) worldwide,
as well as obesity, further increases the burden on ICUs, due to the greater risk of these
patient groups developing severe and critical COVID-19 symptoms. The clinical course
of COVID-19 is aggravated even more by the presence of multiple comorbidities. Addi-
tionally, a higher prevalence of T2DM and vasculopathies has been reported in COVID-19
patients [5,6].

SARS-CoV-2 infects the host by binding to the angiotensin-converting enzyme
2 receptor (ACE2-R) expressed on different cell membranes. Some studies suggest that
overexpressed ACE2-R in diabetic patients increases the risk of infection with the virus [7–9].

In chronic disease, constant and prolonged inflammation is present, with slightly
increased synthesis of several cytokines, some of which have a predictive role in the
development of type 2 diabetes (interleukins IL-1β, IL-6) [10,11]. Chronic low-grade
inflammation also contributes significantly to the pathogenesis of atherosclerosis, due to
the effects of tumor necrosis factor-alpha (TNF-α) and interleukin-10 (IL-10) [12].

Typically, COVID-19 causes a procoagulant state, through endothelial dysfunction
and the malfunction of leukocytes and platelets, systemic inflammation, and the activation
of several inflammatory pathways. This pattern has been termed COVID-19-associated
coagulopathy (CAC), and can result in deep vein thrombosis (DVT), pulmonary embolism
(PE) and stroke, further increasing the risk of mortality. SARS-CoV-2-infected patients with
preexisting comorbidities are at risk of even higher mortality rates [13,14].

Hemostasis is the balanced interplay of the prothrombotic and antithrombotic pro-
cesses. Conventional plasma-based hemostasis assays are mostly used for the assessment
of the bleeding and coagulation risk in a surgical, traumatized, or intensive care patient.
These tests carry limitations, as well, due to their ability to assess isolated diseases related
to clotting factors, or the effect of an anticoagulant therapy.

Viscoelastic hemostatic tests were introduced in the 1950s, and were primarily used
intraoperatively, as point-of-care methods. The utility of viscoelastic tests is to provide
information about the global activity of hemostasis, including platelet aggregation effective-
ness, thrombin generation, clot formation, and clot lysis. The duration of the measurements
is 60 min, although, in most cases, valuable information is obtained after the first 20 min of
the test, providing the possibility of early, individualized therapy for the patient [15,16].
According to Tyler et al., point-of-care viscoelastometric tests should be included for all
patients requiring a massive transfusion, whether surgical or non-surgical, and whether
trauma-related or not. In the USA, viscoelastometric test training is recommended for
general surgery residents, and a further expansion of this method is expected in the
near future [17]. Significant differences in the levels of inflammatory biomarkers and
metabolic parameters in moderate or severe COVID-19 patients (with diabetes/obesity)
have been described: in contrast to infected subjects without these comorbidities, the
diabetic/obese patients with severe COVID-19 presented a significantly increased leuko-
cyte count, erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), D-dimers, and
serum glucose concentration [18]. A comprehensive study performed in Romania revealed
that elevated inflammatory markers were independent predictors of poor outcomes for
all SARS-CoV-2-infected patients. In the same study, the authors observed that patients
with associated cardiac and renal diseases, peripheral arteriopathy, obesity, dyslipidemia,
malignancies, and tobacco use were predisposed to a higher mortality [19].

In a pilot study, eosinopenia and lymphopenia were associated with a severe outcome
in COVID-19 [20].

The unfortunate coexistence of a proinflammatory and prothrombotic status in
SARS-CoV-2 infection in some patients is considered a key mechanism in the progression of
severe and critical cases of COVID-19, with the severity further increasing in patients with
an existing proinflammatory and prothrombotic status due to recorded comorbidities. The
recommended therapies for the different patient groups, based on their risk of developing
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serious COVID-19 conditions, aim to reduce inflammatory processes and viremia, and
mitigate the thrombosis risk.

The authors aimed to synthesize the population-specific impact of comorbidities, such
as diabetes, obesity, and cardiovascular disease, on COVID-19 outcomes, and to highlight
the difficulties in diagnosis, and the challenges in the management of COVID-19 patients
with comorbidities. Many observational studies and research reports were published
during the pandemic, mostly in English, but presumably also in other languages, so the
search criteria included not only papers published in English, but also in Spanish, German,
Hungarian, and Romanian.

2. Materials and Methods

A literature search was conducted between 10 December 2022 and 10 June 2023, us-
ing PubMed, Embase, Cochrane Library, and Google Scholar, restricting the results to
open-access articles written in English, Hungarian, Romanian, German, or Spanish, and
published between 1 January 2020 and 1 June 2023. A combination of the following key-
words and phrases was used in the five different languages: “COVID-19 coagulopathy ther-
apy”, “COVID-19 thrombosis therapy”, “COVID-19 thrombosis treatment”, “cytokines”,
“obesity”, “type 2 diabetes”, “anticoagulation”, “hypercoagulable state”, “SARS-CoV-2
induced hypercoagulability”, “critically ill COVID-19 viscoelastometry”, “critically ill
COVID-19 thromboelastometry”, “viscoelastic tests and COVID-19”, and “vasculopathy
and COVID-19”.

After performing the search, the authors screened the articles based on the title and
abstract, and a further selection was also performed after the full-text assessment of the
remaining articles. The authors also selected secondary sources cited by recent systematic
reviews or meta-analyses, including the most relevant research articles.

3. Proinflammatory and Procoagulant Effects of COVID-19

During SARS-CoV-2 infection, inflammation plays a significant role in the develop-
ment of the disease. Studies have demonstrated the release of numerous inflammatory
cytokines and chemokines in COVID-19. The innate immune system is instrumental in
the immune response against pathogens, and while the production of proinflammatory
cytokines is crucial, excessive activation of these cytokines can lead to widespread damage
in certain cases of COVID-19. Several cytokines, including IL-2, IL-6, TNF-α, IFN-γ, MIP
(macrophage inflammatory protein), and MCP-1 (monocyte chemoattractant protein-1),
are prominently present in severely ill patients. Angiotensin II (AngII) triggers the ac-
tivation of nuclear factor kappa-B (NF-κB), resulting in hyperinflammation, primarily
through the increased synthesis of IL-6 and IL-1β, leading to an enhanced transcription
of proinflammatory cytokines. These interleukins exhibit elevated levels in severe cases
of COVID-19 [21].

IL-6, a proinflammatory cytokine, not only stimulates the release of other cytokines,
but also activates immune cells, playing an important role in the systemic inflammation
which is common in severe COVID-19 cases [22]. IL-6 and IL-1α play a major role in
connecting the inflammatory reaction and the blood-clotting system. During inflamma-
tion, macrophages release tissue factor in response to IL-6 [23]. The overexpression of
IL-6 and its receptor in COVID-19 leads to the hyperactivation of endothelial cells. This
hyperactivation will release a substantial amount of tissue factor, contributing to infection-
induced coagulopathy, which is involved in the mechanism of thrombocytopenia, while
the cytokine storm induces thrombocytosis. IL-6 is also involved in the production of
certain coagulation factors, such as fibrinogen and factor VIII. Furthermore, IL-6 acts on
the endothelium to enhance the synthesis of vascular endothelial growth factor (VEGF),
leading to vascular hyperpermeability and hypotension [24]. Other cytokines, including
TNF-α, IFN-γ, and IL-1β, have also been involved in the intense cytokine release described
in COVID-19 patients, contributing to the proinflammatory state and hypercoagulability.
These cytokines are present on different cell types, such as activated platelets, monocytes,
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and endothelial cells during the proinflammatory phase. IL-1α not only activates the
cascade of inflammation in thrombo-inflammatory pathologies, but also plays a key role in
thrombogenesis, by recruiting granulocytes, prolonging the clot-lysis time, and increasing
the platelet activity [25]. Conversely, together with TNF-α, IL-1 is the most important
mediator of the suppression of the endogenous coagulation cascade [23].

4. Low-Grade Chronic Inflammation and Its Consequences in COVID-19 Patients
with Comorbidities

The precise mechanisms and interactions between cytokines in individuals with
diabetes mellitus, other chronic comorbidities, and vascular and metabolic diseases who
are infected with SARS-CoV-2 are currently the subject of active research.

Adipose cells release cytokines, and prolonged high blood sugar levels have an im-
munomodulatory effect, contributing to the maintenance of chronic low-grade inflam-
mation. Obese people are more prone to develop insulin resistance and type 2 diabetes,
and insulin resistance is also commonly seen in diabetic patients. Type 2 diabetes melli-
tus leads to complications affecting both the microvascular and macrovascular systems,
particularly impacting endothelial cells [26,27]. Endothelial dysfunction, in turn, induces
a prothrombotic state often accompanied by chronic inflammatory processes. Obesity
and cardiovascular comorbidities in patients with COVID-19 significantly increase the
risk of severe and/or critical symptoms, prolonged hospitalization, the need for intensive
therapy, mechanical ventilation (both non-invasive and invasive), and higher mortality
rates [28–31]. Additionally, the combination of these comorbidities further escalates the risk
of morbidity and mortality. Endothelial dysfunction, when exacerbated by the cytokine
storm triggered by SARS-CoV-2, emerges as the primary cause of death [32–34]. Viral
toxicity also contributes to the severity of COVID-19. Particularly in vulnerable patients,
virus-induced pathomechanisms, such as a prothrombotic state, cytokine storm, immune
system dysregulation, and inflammation are underlying factors in the critical manifestation
of COVID-19. These pathomechanisms are more frequently observed in obese and diabetic
patients, and in those with multiple comorbidities. Deceased COVID-19 patients exhibited
significantly higher levels of D-dimers and fibrin degradation products (FDPs) compared
to the surviving COVID-19 group. In addition, disseminated intravascular coagulopa-
thy (DIC) was found to be more common in the group of deceased COVID-19 patients
compared to survivors [7,35].

In elderly obese patients with COVID-19, elevated C-reactive protein (CRP), ferritin,
and interleukin 6 (IL-6) levels were strongly associated with critical disease. Type 2 diabetes
mellitus was more prevalent in severe-COVID-19 patients compared to less-severe cases
and the general population [36]. After infection with SARS-CoV-2, some non-diabetic
subjects showed hyperglycemia and significantly higher interleukin-8 (IL-8) concentrations
compared to the normoglycemic COVID-19 group [37]. COVID-19 patients with diabetes
mellitus (DM) had significantly higher mortality rates compared to non-diabetic COVID-19
subjects, especially those with poorly controlled glucose levels, who were at the highest
risk of complications [27,38].

5. Assessment of Hemostatic Activity in COVID-19

The hemostatic activity of COVID-19 patients is frequently hindered, and the path-
omechanisms triggered by the SARS-CoV-2 infection result in a prothrombotic state [39].
Performing conventional or point-of-care hemostatic assays enables clinicians to assess and
correct the underlying cause of the prothrombotic state. The activated partial thromboplas-
tin time (APTT), prothrombin time (PT), thrombin time (TT), fibrinogen, and fibrinolysis
parameters (such as D-dimers), were useful in COVID-19 patients for thrombosis risk
assessment, and also for therapy.

Hemostatic abnormalities of COVID-19 patients include increased D-dimer levels and
hyperfibrinogenemia [40]. Several scientific papers suggest that the severity of COVID-19
is associated with prolonged PT and TT, and a trend toward a shortened APTT [13,41].
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Compared to the sepsis-related DIC, the D-dimer levels of COVID-19 patients are signifi-
cantly higher. Furthermore, as fibrinogen is an acute-phase protein, excessive inflammation
leads to markedly increased fibrinogen levels, as well. The D-dimer concentration is
in a positive correlation with poorer outcomes of COVID-19 cases. In asymptomatic
COVID-19 cases, high D-dimer and fibrinogen levels were associated with a high risk of
hospitalization [42,43]. Further laboratory anomalies include thrombocytopenia [44] or
thrombocytosis [45].

A higher FVIII and higher Von Willebrand factor (VWF) are also specific features
of COVID-19-associated coagulopathy [46]. Their elevation in patients with ongoing
inflammatory processes is expected, with both being acute-phase reactants. Elevated FV
concentrations were reported in severe COVID-19 cases, and these were associated with a
high risk of venous thromboembolic events [47].

Conventional hemostatic assays are important elements of coagulopathy diagnosis in
COVID-19, based on which the clinicians decide the patient’s therapy. The measurement of
procoagulant factors is often expanded with laboratory assays assessing thrombophilia,
whether it is inherited or acquired. These assays most commonly include protein C (PC)-,
protein S (PS)-, and antithrombin (AT)-deficiency testing [48]. Acquired thrombophilias
are also often related to viral infections, and SARS-CoV-2 infection does not seem to be
an exception. In severe COVID-19 cases, PS deficiency has been described in 20% of the
subjects [49], while other studies reported near-threshold low levels of AT, PC, or PS [50].

Viscoelastic hemostatic tests are based on the distinctive property of blood, wherein its
viscosity undergoes changes parallel to the formation of the blood clot during coagulation.
Moreover, the resulting blood clot has elastic properties. The method, known as the
viscoelastic test, is named after the combined assessment of two physical properties: the
viscosity and elasticity. Viscoelastic tests are performed on whole-blood samples and,
therefore, measure the hemostatic activity of the patient, including their cells, platelets, and
plasma proteins, that can assess their hypocoagulation or hypercoagulation status.

In clinical practice, the viscoelastic method provides valuable data regarding the
initiation of coagulation processes, blood clot development and firmness, clot lysis, and
fibrinolysis effectiveness. The method includes several parameters, e.g., the clotting time
(CT), clot formation time (CFT), maximum clot firmness (MCF), maximum lysis (ML),
and lysis time (LT) [51]. The viscoelastic test is an ex vivo model of certain coagulation
pathways, which analyze extrinsic (EX-test), or intrinsic (IN-test) pathways, or intrinsic
and common pathways, and there are possibilities for the assessment of coagulation with
the inhibition of certain elements (the FIB-test eliminates the effect of thrombocytes in the
coagulation process). For more details, we refer you to Table 1.

Table 1. Short description of viscoelastic tests. EX-test, extrinsic test; IN-test, intrinsic test; FIB-test,
fibrinogen-test; HI-test, heparin test; tPA-test, tissue plasminogen activator test; AP-test, aprotinin-test;
RVV-test: Russel viper venom test; ECA test: ecarin (saw-scaled viper venom) test [52].

Test Reagents Used Assessed Mechanism Diagnosis

EX-test Tissue factor (TF), CaCl2, polybrene
(to inactivate heparin therapy)

Potential and dynamics of clot formation
during tissue damage

Factor deficiencies of
extrinsic pathway

IN-test phospholipid, ellagic acid, CaCl2
Potential and dynamics of clot formation
during foreign-body contact

Intrinsic pathway factor
deficiencies

FIB-test TF, Ca2+, polybrene, cytochalasin D,
GPIIb-IIIa inhibitor

Potential and dynamics of secondary clot
formation during tissue damage

Fibrinogen deficiency, factor
deficiencies of extrinsic
pathway

HI-test lyophilized heparinase,
phospholipid, ellagic acid, CaCl2

Intrinsic pathway deficiency Presence of heparin
compared to IN-test

tPA-test TF, CaCl2, polybrene, recombinant
tissue plasminogen activator (rtPA)

Potential and dynamics of extrinsic
coagulation and fibrinolysis

Diagnosis of pathologic
fibrinolysis
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Table 1. Cont.

Test Reagents Used Assessed Mechanism Diagnosis

AP-test TF, CaCl2, polybrene, aprotinin Extrinsic and common pathway activation
and fibrinolysis inhibition Hyperfibrinolytic bleeding

RVV-test Russell’s viper venom, CaCl2
Factor X activation, common pathway
activation, potential and dynamics of
clot formation

Direct-acting oral
anticoagulant effect

ECA-test Saw-scaled viper venom (ecarin) Prothrombin–thrombin activation,
dynamics of clot formation

Direct acting oral
anticoagulant effect and
antithrombin activity

In patients with COVID-19, the EX-test, IN-test, FIB-test, and TPA-test (EX-test with
additional fibrinolysis initiation with the addition of tissue plasminogen activator—tPA)
provide the most useful information on the coagulation status. In COVID-19, the EX-test
and IN-test may assess the relative procoagulation (shortened CT) or hypercoagulation
(increased MCF). An up-regulated platelet aggregation may also be diagnosed if, when
comparing the FIB-test and EX-test, the MCF is more increased during the latter than
in the case of the FIB-test. The TPA-test is useful in the assessment of antifibrinolytic
dysfunction (fibrinolysis shutdown), with the test resulting in reduced ML or prolonged
LT following tPA deficiency, plasminogen deficiency, or an increase in the plasminogen
activator inhibitor-1 [52].

ROTEM is frequently used in polytrauma (patients with massive bleeding who require
massive transfusions [53]), and can also be a valuable tool for the diagnosis of hemostatic
disorders, and therapy-efficiency monitoring in antiplatelet or anticoagulant treatment.
The SARS-CoV-2 pandemic further expanded the utility of the method, enabling a faster
diagnosis of certain coagulation disorders in COVID-19 patients [54].

The fibrinolytic activity of a critically ill COVID-19 patient is impaired. Hypofibrinol-
ysis occurs frequently in these cases, and it can be diagnosed using a visco-elastometric
method, generally measuring a lysis time (LT) longer than 393 s. The hypofibrinolytic
status of COVID-19 patients has also been named by several authors as ”fibrinolysis shut
down” [55,56]. This mechanism could be treated via thrombolytic therapy, using recombi-
nant tissue plasminogen activators.

6. Management of COVID-19 Patients

6.1. The Therapeutic Approach of COVID-19

The special recommendations suggest a different therapeutic approach based on pa-
tient risk stratification, considering antiviral therapy, inhalation, or systemic corticosteroids,
and thromboprophylaxis. Thus, the management of COVID-19 patients considers the indi-
vidual characteristics of the cases, including the age, comorbidities, COVID-19 symptom
severity, and risks for hospitalization, critical illness, and mechanical ventilation necessity.
The therapeutic approach and drug recommendations are shown in Figure 1, based on the
latest National Institutes of Health guidelines [57,58].

The management of outpatients infected with SARS-CoV-2 includes the revised ther-
apy of their eventual comorbidities and chronic illnesses, with further recommendations
and, in high-risk subpopulations, the available antiviral therapies should also be prescribed.

In several countries, ivermectin, an antiparasitic drug, has been prescribed for
SARS-CoV-2-infected patients, based on the positive results of a research on the abil-
ity of ivermectin to inhibit the replication of SARS-CoV-2 in cell cultures [59]. However,
pharmacokinetic and pharmacodynamic studies revealed that a 100-fold increase in the
plasma concentration of ivermectin would be necessary to achieve this antiviral effect [60].
Furthermore, human clinical trials revealed that, compared to a placebo or standard care,
ivermectin could not significantly benefit COVID-19 patients, and had minimal effect.
Thus, after concluding these trials, the use of ivermectin for the therapy of COVID-19 is

76



Int. J. Mol. Sci. 2023, 24, 12782

not recommended [61–63]. Outpatients with a high risk of developing severe COVID-19
symptoms should receive antiviral agents that include ritonavir-boosted nirmatrelvir or
remdesivir [64,65]. In the case of hospitalized patients, intravenous antivirals would be
appropriate (tocilizumab). These antiviral agents may be available in developed countries
but, in underdeveloped areas, the patient’s access to these therapies may be limited or
absent. Moreover, the expensive therapy in severe COVID-19 cases may also limit the
possibility of acquiring the latest medications, even in a developed country.

Criticallylyy illill COVIDD-D-1999 patients

1. Patients with high flow nasal canule oxygen therapy or non-invasive ventilation
a. Combined systemic corticosteroid and immunonomodulator therapy
Systemic corticosteroids: dexamethasone OR prednisone, methylprednisolone, hydrocortisone
Immunomodulators: tocilizumab/baricitinib OR tofacitinib/sarilumab (feasibility issues
b. Thromboprophylaxis
Therapeutic dose heparin is recommended, unless contraindicated. Intermediate dose or prophylactic dose thromboprophylaxis is not recommended.

2. Mechanical ventilation or Extracorporeal Mem-brane oxygenation
a. Systemic corticosteroid therapy: dexamethasone. Studies did not find beneficial the combined use of corticosteroids and immunomodulators.
b. Thromboprophylaxis: Therapeutic dose heparin is recommended.
Prophylactic dose heparin for patients with initiated therapeutic dose heparin transferred from non-intensive care settings to intensive care.

During the management of critically ill patients the use of empiric broad-spectrum antimicrobial therapy is not recommended unless there is a suspected or
diagnosed bacterial/mycotic infection. The unnecessary adverse effects of this therapy should be avoided, similarly to any other patient type.
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Figure 1. The management of COVID-19.

The combined use of the available antiviral agents is not fully understood, and the
available data on the combined use of antiviral therapies is limited [66].

Antiviral therapy further includes anti-SARS-CoV-2 monoclonal antibodies (mAbs).
According to the latest clinical data, the efficacy of anti-SARS-CoV-2 mAbs depends on
the subvariant of the SARS-CoV-2; moreover, Omicron and its sub variants show an
increased resistance to this therapy type. Thus, the use of anti-SARS-CoV-2 mAbs is
not recommended [67–73].

Multisystem Inflammatory Syndrome (MIS)

A special condition in COVID-19 occurs in patients with minimal respiratory symp-
toms and confirmed SARS-CoV-2 infection, in association with extreme systemic inflam-
mation, markedly elevated C-reactive protein levels, ferritin, D-dimers, cardiac enzymes,
creatinine, and liver enzymes, along with various other symptoms, including fever and
shock. Furthermore, neurologic, cardiac, and gastrointestinal diseases are also frequently
present in these cases. The above-mentioned signs and symptoms have been referred to as
multisystem inflammatory syndrome in adults (MIS-A) [74–76].

According to the Centers for Disease Control and Prevention in the United States of
America, the case definition of MIS-A is as follows: patients at least 21 years old, who were
hospitalized for at least 24 h or whose illness concluded with fatality, and who met the
clinical and laboratory criteria included below during the first 3 days of hospitalization.
Alternative diagnoses for the condition should also be excluded.
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The primary criteria for MIS-A include severe cardiac disease or rash, accompanied by
nonpurulent conjunctivitis. The secondary criteria include new-onset neurologic disorders
(encephalopathy, seizures, etc.), shock or hypotension not related to medical therapy,
thrombocytopenia, abdominal pain, or vomiting or diarrhea. The laboratory criteria are
based on the presence of SARS-CoV-2 infection concomitantly with extremely high levels
of inflammatory biomarkers (at least two out of CRP, ferritin, erythrocyte sedimentation
rate, procalcitonin, and IL-6) [77].

The management of MIS-A involves supportive care, immunosuppression, anticoag-
ulant therapy, and inotropes. Biologic therapies targeting IL-6 and IL-1 have also been
reported as being in use for cytokine storm, but the lack of evidence and randomized
control trial data on their efficacy in the management of MIS-A means that the therapy is
based on the expertise and protocols for Kawasaki disease (KD). A suggested approach
could be the use of colchicine, an antiinflammatory drug, which has been reported to have
clear cardiovascular benefits in pericarditis and myocardial infarction, and may hasten the
resolution of cardiogenic shock in MIS-A. The long-term outcome of recovered MIS-A is
uncertain because of the cardiovascular sequels [78].

The United States Centers for Disease Control and Prevention (CDC) and the World
Health Organization (WHO) have defined multisystem inflammatory syndrome in chil-
dren (MIS-C) as an acute condition, which includes what the Royal College of Pediatrics
and Child Health has termed as pediatric multisystem inflammatory syndrome tempo-
rally associated with COVID-19 (PIMS-TS), and which has symptoms similar to those
of Kawasaki disease (KD) and toxic shock syndrome (TSS) [77,79]. The systemic review
conducted between December 2019 and July 2021 by M.O Santos at al. summarized a total
of 98 articles from 18 countries, and concluded that a differential diagnosis between KD-
or TSS-related MIS-C, and MIS-C in COVID-19 was a real challenge for physicians, due to
the clinical resemblance; however, there were some particularities that were characteristic
only of COVID-19-related MIS-C: the mean age of 9 years; severe abdominal pain due
to ascites and mesenteric lymphadenitis, which needed advanced imaging and surgical
investigations; and the presence of gastrointestinal symptoms, which occurred more often
than in adults. The developed cardiac dysfunction progressed rapidly, and admission
into the ICU and the management of hypotension and shock was necessary in some cases,
while less-severe cases developed mild and transient coronary artery dilation [79]. There
were several theories regarding the development of MIS-C related to COVID-19, and some
findings suggest that the hyperinflammatory syndrome most likely occurs due to a postin-
fectious cytokine storm, rather than as a result of direct cell injury caused by intracellular
SARS-CoV-2 replication. Riollano-Cruz et al. demonstrated that an elevated IL-6 level is
present in MIS-C in comparison to COVID-19, and IL-1 elevation is absent in contrast to
KD, where increased IL-1 levels play an important role in hyperinflammation [80]. Accord-
ing to the systemic review, the management of MIS-C related to COVID-19 involved the
WHO protocols of KD and shock, and were represented by intravenous immunoglobu-
lin, antiplatelet, or anticoagulant drugs, and the administration of steroids and biological
immunomodulators. Inotropic agents, fluid resuscitation, and ventilatory support were
provided when indicated (in a minority of cases) and, in severe cases, extracorporeal mem-
brane oxygenation (ECMO) was used. If applicable, the initial broad-spectrum antibiotic
administration was suspended after confirmation of MIS-C related to COVID-19 [79].

The mortality of MIS-A was 5–7% overall, threefold higher than MIS-C, and the pre-
dominant cause was reported to be refractory shock, myocarditis, vasculitis,
and endothelitis [78].

6.2. The Therapeutic Approach to COVID-19 Coagulopathy

According to several studies, elevated D-dimer and fibrinogen levels are important
predictors of mortality; thus, anticoagulation has been proposed in these cases. Heparin
can be a good option for thromboprophylaxis, except in patients with antithrombin III
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(AT-III) deficiency, who use direct thrombin inhibitors, such as argatroban, which can be a
better choice for systemic anticoagulation [33].

The measurement of serum albumin and AT-III activity is recommended in the al-
gorithm of evaluating SARS-CoV-2-infected patients, and supplementation of these pa-
rameters at low levels has been shown to be beneficial. Albumin deficiency is involved in
the development of edemas and circulatory failure (major mortality factors), while a low
AT-III activity increases thromboembolic complications [81]. Deep vein thrombosis and
pulmonary embolism are the most frequent thromboembolic conditions in COVID-19, with
the affected patients showing a poor outcome and high mortality rate [19]. Medication of
the most common cardiovascular disease, arterial hypertension, is an important concern
during the pandemic [82].

The requirement of unusually large doses of heparin to achieve therapeutic values
of APTT raises the suspicion of heparin resistance. Patients’ resistance to heparin therapy
may occur in different circumstances: heparin pseudo-resistance, antithrombin III (ATIII)
deficiency, low heparin concentration, and COVID-19-related heparin resistance.

Heparin pseudo-resistance is characterized by the temporary inability to detect the
effect of heparin after the administration of the therapeutic dose. This occurs due to higher
levels of FVIII and fibrinogen, which lead to a shortened APTT and, in certain inflammatory
processes, this artificially low APTT value masks the effectiveness of the administered
heparin. Thus, clinicians may misinterpret the results, believing that heparin therapy is
ineffective, although it is exerting the desired effect [83].

Real heparin resistance is caused by a deficiency of ATIII. Heparin acts by binding
to ATIII, and the lack of the latter leads to true heparin ineffectiveness. ATIII deficiency
could occur due to consumption or lack of synthesis, and may be related to numerous
pathological states, including liver diseases, acute thrombosis, and DIC.

Severe systemic inflammatory processes may hinder the binding of heparin to ATIII,
causing a low heparin concentration. Acute-phase proteins and systemic inflammation
enhance the synthesis of proteins that can bind to heparin, such as PF-4 (platelet factor 4).

The heparin resistance observed in COVID-19 patients is based on a combination of
several factors. This phenomenon occurs due to increased levels of von-Willebrand factor
and antiphospholipid antibodies, or based on the mechanism described in the case of pseudo-
heparin resistance or low antithrombin III, or a combination of these mechanisms [84].

The management of heparin resistance consists of increased heparin dose administra-
tion, or use of alternative therapies, such as ATIII supplementation or the administration of
direct thrombin inhibitors [85].

In the case of COVID-19 patients with elevated D-dimer levels, requiring conventional
oxygen therapy without an increased bleeding risk, the administration of a therapeutic dose
of heparin is recommended. Those patients, with different criteria, or pregnant, should
receive a prophylactic heparin dose [86–88].

Furthermore, for patients starting therapeutic heparin prophylaxis in non-intensive care
settings, who are then transferred to an intensive care unit, it is recommended to up-dose
to therapeutic heparin if there is an indication for the administration of heparin therapy.
Therapeutic or intermediate dose venous thromboembolism (VTE) prophylaxis for critical
COVID-19 patients is not recommended, apart from being included in a clinical trial [89,90].

The benefits and drawbacks of routine screening for VTE in COVID-19 patients have
not been established, so healthcare professionals should determine the frequency of such
examinations. Nevertheless, COVID-19 patients experiencing a rapid deterioration in their
condition, or developing cardiovascular or neurological complications should undergo rou-
tine VTE screening. In suspected cases of thromboembolism, therapeutic anticoagulation
should be initiated, even without diagnostic imaging confirmation. Critically ill COVID-19
patients requiring life-support therapies, such as ECMO, NIV, and hemodialysis should be
managed with anticoagulants, similar to other patient groups.

Several studies investigated the incidence of VTE in COVID-19 patients, and reported
variable results. Notably, clinical data demonstrated that ultrasound screening has led to
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more frequent VTE diagnoses, compared to laboratory and clinical screening, with the
results showing a four-fold difference in favor of ultrasound screening [91–93].

Compared to critically ill septic patients, the incidence of VTE in the COVID-19 patient
group was similar; after thromboprophylaxis or antithrombotic therapy, the VTE incidence
declined in all patient groups [94,95].

The therapeutic or prophylactic administration of oral anticoagulants is not recom-
mended; instead, a prophylactic dose or therapeutic dose of heparin should be administered
for VTE prophylaxis or the prevention of COVID-19 progression.

The interaction between antithrombotic agents and the newly introduced ritonavir-
boosted nirmatrelvir, an antiviral combination that strongly affects the cytochrome P450
(CYP450) liver enzyme, can significantly alter the effectiveness of other co-administered drugs.

It is important to continue antithrombotic therapy for COVID-19 patients with pre-
existing comorbidities if it was already initiated prior to SARS-CoV-2 infection. However,
in the case of a significant bleeding risk or of other hemostasis disorders, it is advisable
to modify the therapy. Antiplatelet therapy prior to COVID-19 disease has been shown
to reduce the overall mortality in hospitalized patient groups. However, the bias of these
retrospective cohort studies cannot be fully removed from these studies [96–99].

Other clinical trials concluded that additional aspirin therapy in COVID-19-hospitalized
patients did not affect mortality, and increased the bleeding risk of the patients [100]. Similar
results were obtained in another trial regarding the additional use of purinergic P2Y12
receptor inhibitors [101]. According to the results of these studies, there is an inconsistency
regarding the beneficial effects of these additional therapies; therefore, the initiation of
antiplatelet therapies should not be used to treat patients with COVID-19 unless they are
already receiving those drugs to treat pre-existing conditions.

6.3. Therapy of Comorbidities in COVID-19 Patients

COVID-19 has the potential to progress to severe conditions, such as hypoxemic respi-
ratory failure, acute respiratory distress syndrome (ARDS), septic shock, cardiac dysfunc-
tion, thromboembolism, liver and/or kidney dysfunction, central nervous system disease,
or the worsening of comorbidities. Furthermore, weeks or months after SARS-CoV-2 in-
fection, adults may experience multisystem inflammatory syndrome, potentially resulting
in critical illness (MIS-A or, in a child, MIS-C). Thus, the therapy for COVID-19 should
also include the treatment of comorbidities. The general recommendations regarding the
management of COVID-19 patients with comorbidities are shown in Table 2.

Table 2. Guidelines for the management of obese, diabetic subjects, and patients with cardiovascular
disease, in the context of SARS-CoV-2 infection.

Obese Patients Diabetic Patients Patients with Cardiovascular Diseases

Patient information about COVID-19 symptoms and algorithms to follow in case of symptom progression—telemedicine

Prevention of infection/reinfection through vaccination; recommendation of wearing a facial mask in crowds, especially during the outbreaks of
newer variants

Monitoring blood pressure and heart rate,
with consecutive therapy
initiation/modification according to
the findings

Monitoring blood pressure and heart rate with
consecutive therapy initiation/modification
according to the findings and, additionally,
dynamic monitoring of carbohydrate balance
(blood glucose, HbA1c, C peptide) and, eventually,
acid–base balance

Monitoring blood pressure and heart rate, with
consecutive therapy modification according to
the findings

Diagnosis and therapy of further comorbidities; cardiometabolic risk reduction

Ensure the availability of hospitalization and eventual intensive care for an unfavorable course of COVID-19

Weight-loss strategy
modification/initiation including diet and
physical activity

Considering treatment administration for diabetes
mellitus, depending on the type of DM and the
severity of COVID-19 symptoms

Treatment of hypertension and/or heart
failure focusing on thromboprophylaxis and
secondary prevention of complications in the
context of COVID-19

Outpatient care after discharge specifically considering the comorbidities of each patient; ideally, an individualized care would be recommended
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Diabetic patients frequently use oral antidiabetic therapy. Among these, metformin
has shown potential, based on several in vitro studies, to be effective in the therapy of
COVID-19, due to its antiviral, antithrombotic, and antiinflammatory activities [102–105].

Observational studies concluded that COVID-19 patients on metformin therapy were
at a lower risk of progressing to severe and critical illness; therefore, these patients should
continue their treatment [106–108].

In the case of metformin therapy, the side effects of this drug should also be considered
(nausea, vomiting, diarrhea, headache), including the rarely occurring lactic acidosis, espe-
cially in high-risk patient groups (elderly, obese, metabolic diseases, cardiac dysfunction,
hepatic or renal function impairment, excessive alcohol use) [109].

Additionally, vitamin C, vitamin D, and zinc and magnesium could also be part of the
COVID-19 patients’ treatment, to improve the immune response in these subjects [110–113].

Currently, there is a lack of clinical data regarding the effectiveness or the utility of
supplement administration. Notably, patients with comorbidities have reduced concen-
trations of several vitamins and trace elements; therefore, it sounds reasonable to supply
COVID-19 patients with comorbidities with the vitamins and trace elements they lack [114].
Further data are needed to clarify whether the high-dose parenteral administration of
certain vitamin supplements is recommended or not.

Community-based studies have revealed the efficacy of molnupiravir and paxlovid in
the treatment of high-risk COVID-19-infected patients, including diabetic, obese, elderly
subjects, and those suffering from cardiovascular disease. Molnupiravir proved to be highly
effective in patients with an incomplete vaccination scheme [115,116].

7. Discussion

Treatment of a COVID-19 patient requires interdisciplinary management. Prompt
clinical and paraclinical investigations are necessary for the best patient status assessment,
enabling the possibility of more individualized care. However, uncertainties arise around
the optimal timing of thromboprophylactic therapies, as well as the necessity of these
pharmacological interventions, especially in the outpatient setting; some studies contradict
each other regarding the clinical outcome of these patients. Chinese guidelines recommend
a thrombosis risk assessment for COVID-19 outpatients with underlying vascular patholo-
gies, while others do not recommend pharmacological prophylaxis for any COVID-19
outpatient [117–120].

A study conducted in Romania, analyzing the effects of the pandemic on the incidence
and type of surgical procedures in vascular surgery cases, and providing a comparison with
the pre-pandemic period, showed a 34.51% decrease in the overall procedures performed
in the pandemic period in this vascular surgery unit. An 80.6% decrease in acute venous
insufficiency cases, and a 67.21% increase in acute arterial ischemia were found compared
to the pre-pandemic period; furthermore, all the procedures that were not emergencies
were postponed, or alternative treatments were used [121]. Unfortunately, the enrollment
of the subjects was based on the clinical diagnosis of the acute event, with no mention
of the underlying comorbidities, so there is no information on the exact number of acute
ischemia or venous insufficiency patients with T2DM as a comorbidity. However, based on
another study conducted by the same authors during the pandemic, it can be estimated
that this group comprised approximately 40% of all cases [122].

A retrospective study from the Central Ohio Trauma Center involving a total of
260 T2DM patients admitted to the foot and ankle surgery unit showed higher numbers
of urgent surgeries and amputations of all kinds during the pandemic versus the pre-
pandemic period, and the risk of major amputations increased. The severity of infections
also increased in patients with diabetes-related foot problems.

Even with the adoption of telemedicine, home health visits, and reduced in-person
clinic hours, medical care was significantly disrupted.

We speculate that the increased severity of diabetic foot infections and major am-
putations could be linked to an abrupt interruption of, and limited access to, diabetic
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foot-wound care and limb preservation, as well as patients’ perception of the safety of care
during the COVID-19 pandemic [123].

Although venous thromboembolism occurs frequently, and contributes to mortality in
COVID-19 patients, arterial thrombosis has also been described (coronary arteries, brain,
mesenteric and aortoiliac thrombosis). In a study conducted in the USA, the investigators
reported an elevated number of cases presenting lower-extremity ischemia and severe
arterial thrombosis during the period of the pandemic. This research reveals an asso-
ciation between lower-extremity arterial thrombosis and SARS-CoV-2 infection (mostly
proximal vessels). A higher incidence of death and amputation in COVID-19 patients
was described [124].

Despite the administration of anticoagulant medication, the risk of arterial thrombosis
continued to rise compared to previous years. The systemic coagulopathy in COVID-19,
including the release of inflammatory cytokines, thrombotic events, and microangiopathy,
is considered a multifactorial manifestation. Arterial thrombosis, which is less common
than venous thrombosis, affected mostly critically ill patients [125].

In a single-center study on the relationship between the coagulation profile and
morbidity/mortality in COVID-19 patients performed by A. E. Abd El-Lateef et al., the
D-dimer was shown to be a less powerful parameter to predict disease severity and overall
survival, compared to FVIII, the von-Willebrand factor antigen, and ristocetin cofactor
activity. The ristocetin cofactor activity, alongside the D-dimer and FVIII, independently
predicted the disease severity. In the same study, the authors reported reduced survival
(30.3%) in patients with higher FVIII levels, and the risk of mortality was extremely (16-fold)
increased. Measuring these parameters would help a clinician to decide the therapeutic
approach for these patients, aiding in an improvement in disease severity, and in the overall
patient survival rates. However, the high costs of these assays are a powerful limitation
worldwide, especially in underdeveloped countries [126].

Complications pertaining to the vascular system, such as the cytokine storm that
precipitates DIC, and thrombotic microvascular injury affecting the medium- and small-size
vessels (coronary heart disease, lung thromboembolism, stroke, mesenteric ischemia, renal-
artery thrombosis, and limb-artery thrombosis) are characteristic of COVID-19. Cutaneous
lesions associated with arterial and venous thrombotic events appear as gangrene of
the limbs [127].

COVID toes or chilblain-like lesions are cutaneous manifestations of COVID-19, espe-
cially in pediatric patients, on a background of vascular lesions due to microthrombosis
and endothelial inflammation, which might occur in COVID-19, but also after vaccination
against SARS-CoV-2. Steroid treatment (systemic, followed by topical therapy) has been
proven to be effective in this dermatological disorder [128]. Corticotherapy is also recom-
mended in acute disseminated encephalomyelitis, a life-threatening, immune-mediated
neurological complication of COVID-19 [129].

A new, promising perspective for COVID-19 therapy is a combination of anticoagulants
and antidepressant drugs (selective serotonin reuptake inhibitors—SSRIs). SSRIs have proven
beneficial in the treatment of SARS-CoV-2 infection, by preventing cytokine release [130].

8. Originality and Limitations of the Paper

The originality of this review lies in the fact that the authors also included articles
published in Hungarian, Romanian, German, and Spanish, besides the English literature,
ensuring a wide dissemination of the data obtained. As well as scholarly articles, certain
recommendations from national and international guides were also included.

A limitation is the poor consensus on the management of severe COVID-19 cases in
different countries, the discrepancy between the available resources of the medical units
dealing with these cases, and the lack of broad worldwide experience regarding viscoelastic
methods, which represent a further challenge for a comprehensive review on this subject
and the formulation of recommendations.

82



Int. J. Mol. Sci. 2023, 24, 12782

9. Conclusions

Inflammation- and infection-induced cytokine storm, vasculopathy, overweight, hy-
perglycemia, and old age are important risk factors for severe outcomes of COVID-19,
involving a hypercoagulable state. Early intervention and proper management could
reduce the number of severe cases and the hospitalization time for coronavirus-infected
patients with comorbidities.
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Abstract: COVID-19 progression often involves severe lung injury, inflammation, coagulopathy, and
leukocyte infiltration into pulmonary tissues. The pathogenesis of these complications is unknown.
Because vascular endothelium and neutrophils express angiotensin-converting enzyme-2 and spike
(S)-proteins, which are present in bodily fluids and tissues of SARS-CoV-2-infected patients, we inves-
tigated the effect of S-proteins and cell–cell communication on human lung microvascular endothelial
cells and neutrophils expression of P-selectin, markers of coagulopathy, NETosis, and inflammation.
Exposure of endothelial cells or neutrophils to S-proteins and endothelial–neutrophils co-culture
induced P-selectin transcription and expression, significantly increased expression/secretion of
IL-6, von Willebrand factor (vWF, pro-coagulant), and citrullinated histone H3 (cit-H3, NETosis
marker). Compared to the SARS-CoV-2 Wuhan variant, Delta variant S-proteins induced 1.4–15-fold
higher P-selectin and higher IL-6 and vWF. Recombinant tissue factor pathway inhibitor (rTFPI),
5,5′-dithio-bis-(2-nitrobenzoic acid) (thiol blocker), and thrombomodulin (anticoagulant) blocked
S-protein-induced vWF, IL-6, and cit-H3. This suggests that following SARS-CoV-2 contact with the
pulmonary endothelium or neutrophils and endothelial–neutrophil interactions, S-proteins increase
adhesion molecules, induce endothelial injury, inflammation, NETosis and coagulopathy via the
tissue factor pathway, mechanisms involving functional thiol groups, and/or the fibrinolysis system.
Using rTFPI, effectors of the fibrinolysis system and/or thiol-based drugs could be viable therapeutic
strategies against SARS-CoV-2-induced endothelial injury, inflammation, NETosis, and coagulopathy.

Keywords: SARS-CoV-2 spike proteins; human lung endothelial cells; neutrophils; P-selectin;
von willebrand factor; IL-6; citrullinated histone H3; neutrophils extracellular traps; TFPI; DTNB;
thrombomodulin

1. Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the causative agent
of coronavirus disease 2019 (COVID-19), has so far infected over 686 million people world-
wide, resulting in over 6.88 million deaths and counting [1–3]. Although SARS-CoV2-
induced immunopathology can affect several organs, postmortem examination shows that
for most COVID-19 patients, the primary cause of death was acute lung injury associated
with the presence of virions and spike (S) proteins in lung blood vessels, endothelial injury,
increases in leukocyte infiltration in lung tissues, circulating prothrombotic factors, inflam-
mation, and thrombosis [4–7]. Endothelial injury is also associated with the release of von
Willebrand factor (vWF) from endothelial granules, upregulation of adhesion molecules,
increased neutrophil activation, adhesion and transmigration into vascular walls [8,9]. The
pathogenesis of these pulmonary complications in COVID-19 patients is unknown.
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Coronaviruses enter and infect target cells by binding their S-protein to cellular
angiotensin-converting enzyme-2 (ACE2) [10,11], and human neutrophils [12,13] and en-
dothelial cells [14–16] express ACE2. Because SARS-CoV-2 and its S-proteins are present in
tissues and bodily fluids of infected patients and COVID-19 pathology includes endothe-
liopathy and leukocyte infiltration into the lungs [7,17,18], it is important to determine
whether viral S-proteins directly contribute to these lung pathologies and whether leuko-
cyte interactions with the vascular endothelium influence SARS-CoV-2-induced pathologies.
In the present study, we investigate the direct and indirect effects of S-protein exposure
on the expression and secretion of adhesion molecules, markers of endothelial injury,
and inflammation. Because increased levels of neutrophil extracellular traps (NETs) are
associated with COVID-19 pathology and disease severity [19–22], we also investigated
the direct and indirect effects of S-protein exposure on markers of NET activation and
release (NETosis). We demonstrate that exposure of primary human lung microvascular
endothelial cells (HLMEC) or neutrophils to S-proteins and endothelial–neutrophil inter-
actions induced transcription and expression of P-selectin and significantly increased the
expression and secretion of vWF, interleukin (IL)-6, and citrullinated histone H3 (cit-H3),
a marker of NETosis. A trend toward higher P-selectin and vWF levels and significantly
higher IL-6 levels was observed with SARS-CoV-2 Delta variant S-proteins (SD) compared
to Wuhan variant S-proteins (SW). Recombinant tissue factor pathway inhibitor (rTFPI; the
primary physiological inhibitor of the extrinsic pathway of blood coagulation [23–26]), as
well as 5,5′-dithio-bis-(2-nitrobenzoic acid) (DTNB; a thiol blocker) and thrombomodulin
(TM; a high affinity thrombin receptor [27]), blocked S-protein-induced expression of vWF,
IL-6, and cit-H3.

These data suggest that when the lung endothelium or neutrophils are exposed to
SARS-CoV-2, viral S-proteins increase adhesion molecules and induce endothelial injury,
inflammation, and NETosis via the TF pathway and mechanisms involving functional
thiol groups and the fibrinolysis system. Furthermore, any of these two cell populations
exposed to SARS-CoV-2 or viral S-proteins can induce injury, inflammation, and NETosis
in non-exposed neighboring cells. These findings suggest that viable therapeutic strategies
against SARS-CoV-2-induced cellular injury, NETosis, and inflammation could include
rTFPI, effectors of the fibrinolysis system, and/or thiol-based drugs.

2. Results

2.1. Exposure of HLMEC or Neutrophils to S-Proteins and Endothelial–Neutrophil Interactions
Increased P-Selectin Transcription

Compared to controls (untreated cells, cells treated with heat-inactivated S-proteins,
or cells pretreated with recombinant human (rh) ACE2), exposure (6–24 h) of HLMEC to
SW or SD increased P-selectin mRNA by 12- to 20-fold and 10- to 67-fold, respectively; with
the largest increase (51.7- to 67-fold) observed at 12 h (Figure 1A). Co-culture of SW- or
SD-treated HLMEC with neutrophils increased P-selectin mRNA in HLMEC by 64.7- to
258-fold and 138- to 650-fold, respectively (Figure 1B), and increased P-selectin mRNA in
neutrophils by 17- to 92-fold and 148- to 652-fold, respectively (Figure 1C). Co-culture of
SW- or SD-treated neutrophils with HLMEC increased P-selectin mRNA in HLMEC by 2.8-
to 62-fold and 4- to 262-fold, respectively (Figure 1D), and increased P-selectin mRNA in
neutrophils by 11- to 136-fold and 77- to 228-fold, respectively (Figure 1E).
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Figure 1. S-proteins and endothelial–neutrophil interactions induce P-selectin transcriptional upregu-
lation in HLMEC and neutrophils. (A): HLMEC treated (for 6–24 h) with 1 nM S-protein Wuhan (SW)
or Delta (SD) variants. (B,C): HLMEC were treated (6 h) with SW or SD, washed, and co-cultured
(6–24 h) with neutrophils. (D,E): neutrophils treated (6 h) with SW or SD, washed, and co-cultured
(6–24 h) with HLMEC. P-selectin mRNA in endothelial cells (A,B,D) and neutrophils (C,E) was
quantified by real-time PCR. Data presented as mean ± standard deviation. Control: untreated
cells; ACE2: cells treated with recombinant human (rh) ACE2 (1 μg/mL). Hi: cells treated with
heat-inactivated S-proteins. * p < 0.015; ** p < 0.007; *** p < 0.0007; # p < 0.0001.
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2.2. Exposure of HLMEC to S-Proteins Induced P-Selectin Expression

Immunofluorescence imaging showed that, compared to controls, exposure (12 h)
of HLMEC to SW or SD increased P-selectin expression by 7- to 9-fold and by 8.9- to
11.3-fold, respectively (Figure 2A,B). Western blot analysis further confirmed these findings;
compared to controls, SW and SD, respectively, increased P-selectin levels by 4.5- to 63-fold
and by 6.4- to 110-fold (Figure 2C,D).

Figure 2. S-proteins induce P-selectin expression in HLMEC. HLMEC were treated with 1 nM
S-proteins (SW or SD) for 12 h and P-selectin expression was quantified by immunofluorescence
(A,B) and Western blot (C,D) analysis. DAPI (blue) was used for nuclear counterstaining. ImageJ
software was used for densitometry quantification. For immunofluorescence images, five fields of
view (FOV) were analyzed for each sample (B). For Western blot analysis, densitometry values were
normalized to the sample’s β-actin levels (D). For panel (A), all images were at 20×. PS: P-selectin;
control: untreated cells; ACE2: cells treated with rhACE2; Hi: cells treated with heat-inactivated
S-proteins ** p = 0.01; # p < 0.0001.
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2.3. Delta Variant S-Proteins Induced Higher P-Selectin Transcription and Expression Than the
Wuhan Variant

At 12 h, compared to SW, SD induced significantly higher P-selectin mRNA in HLMEC
following direct exposure (3.7-fold, Figure 1A) or co-culture with neutrophils (2- to 6.8-fold,
Figure 1B); and induced higher P-selectin mRNA in neutrophils (7.6- to 12.4-fold, Figure 1C).
For neutrophils treated with S-proteins and co-cultured with HLMEC, SD induced 4-fold
higher P-selectin transcription in HLMEC at 24 h (Figure 1D) and 2- to 15-fold higher
P-selectin mRNA in neutrophils (Figure 1E), compared to SW. Immunofluorescence and
Western blot analyses also showed that SD increased P-selectin expression in HLMEC by
1.3- to 1.4-fold compared to SW (Figure 2). No significant increase in P-selectin transcription
(Figure 1) or expression (Figure 2) was observed in cells treated with Hi-SW or Hi-SD;
recombinant human (rh) ACE2 blocked or significantly abrogated SW- and SD-induced
P-selectin.

2.4. Exposure of Human Neutrophils and HLMEC to S-Proteins and Neutrophil–Endothelial
Interactions Induces Histone H3 Citrullination

Hallmarks of NETosis include increased citrullination of histone proteins, including
H3 [28–30]. Therefore, we assessed whether S-proteins and/or endothelial–neutrophil
interactions affect the production of cit-H3. Compared to controls, SW and SD significantly
increased cit-H3 levels in neutrophil culture supernatants following direct exposure (6–24 h)
(1.6- to 3.3-fold, Figure 3A), co-culture of S-proteins-treated neutrophils with untreated
HLMEC (2- to 4.3-fold, Figure 3B), or co-culture of S-proteins-treated endothelial cells with
untreated neutrophils (1.7- to 3.3-fold, Figure 3C).

2.5. Exposure of HLMEC and Neutrophils to S-Proteins and Neutrophil–Endothelial Interactions
Increased vWF Expression

Compared to controls, SW and SD significantly increased vWF levels in HLMEC cul-
ture supernatants (by 1.2- to 7.2-fold, Figure 4A) and cell lysates (2.2- to 5.2-fold, Figure 4B)
following direct exposure (Figure 4A,B), co-culture of S-proteins-treated endothelial cells
with untreated neutrophils (2- to 8.8-fold, Figure 4C), and co-culture of S-proteins-treated
neutrophils with untreated HLMEC (1.5- to 4.6-fold, Figure 4D). Data showed a trend to-
ward increased vWF following SD treatments and co-cultures, compared to SW (Figure 4).

2.6. Exposure of HLMEC and Neutrophils to S-Proteins and Endothelial-Neutrophil Interactions
Increased IL-6 Expression

Compared to untreated cells, cells treated with Hi-SW, Hi-SD, or cells pretreated
with rhACE2, exposure of HLMEC to SW or SD (6–24 h) increased IL-6 levels in culture
supernatants by 1.2 to 4.6-fold (Figure 5A). Co-culture of SW- or SD-treated HLMEC with
neutrophils increased IL-6 levels by 1.4 to 3.8-fold (Figure 5B). Compared to SW, SD induced
significantly (1.3- to 1.6-fold) higher IL-6 expression following exposure to endothelial cells
(Figure 5A) and co-culture of exposed endothelial cells with neutrophils (Figure 5B). Co-
culture of SW- or SD-treated neutrophils with HLMEC increased IL-6 levels in culture
supernatants by 1.4 to 4.7-fold (Figure 5C); rhACE2 blocked SW- and SD-induced IL-6.
IL-6 levels in culture supernatants of cells treated with Hi-SW, Hi-SD, or rhACE2 were
similar to untreated controls (Figure 5).
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Figure 3. S-proteins and endothelial–neutrophil interactions induce/increase the expression and
secretion of cit-H3. Human neutrophils were treated with 1 nM S-proteins (SW or SD) for 6–24 h
(A). In separate experiments, neutrophils (B) and HLMEC (C) were treated with S-proteins for 6 h,
washed, and co-cultured (for 6–24 h) with HLMEC (B) or neutrophils (C). Levels of cit-H3 in culture
supernatants were quantified by ELISA. Data presented as mean ± standard deviation. Control:
untreated cells; ACE2: cells treated with rhACE2; Hi: cells treated with heat-inactivated S-proteins.
*** p = 0.0003; # p < 0.0001.
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Figure 4. S-proteins and endothelial–neutrophil interactions induce vWF expression and release in
HLMEC. (A,B) HLMEC were treated (for 6–24 h) with SW or SD (1 nM). HLMEC (C) and neutrophils
(D) were treated (for 6 h) with SW or SD, washed, and co-cultured (for 6–24 h) with neutrophils (C) or
endothelial cells (D). vWF levels in culture supernatants (A,C,D) and endothelial cell lysates (B) were
quantified by ELISA. Data presented as mean ± standard deviation. Control: untreated cells; Hi:
cells treated with heat-inactivated S-proteins; ACE2: cells treated with rhACE2. * p < 0.03; ** p < 0.01;
*** p = 0.0002; # p < 0.0001.
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Figure 5. S-proteins and endothelial–neutrophil interactions increased IL-6 expression. (A) HLMEC
treated (6–24 h) with SW or SD. HLMEC (B) and neutrophils (C) were treated (for 6 h) with SW or
SD and co-cultured (for 6–24 h) with untreated neutrophils (B) or endothelial cells (C). IL-6 levels
in culture supernatants were quantified by ELISA. Data presented as mean ± standard deviation.
Control: untreated cells; ACE2: cells treated with rhACE2. Hi: cells treated with heat-inactivated
S-proteins. * p < 0.02; ** p < 0.005; # p < 0.0001.

2.7. rTFPI Blocked S-Protein-Induced Citrullination of Histone H3, Expression and Secretion of
vWF and IL-6

H3 citrullination: Compared to controls, exposure (24 h) of neutrophils to SW or
SD increased cit-H3 levels in culture supernatants by 2.2- to 3.5-fold (Figure 6A); co-
culture of SW- and SD-treated neutrophils with HLMEC increased cit-H3 levels by 2.3-
to 3.5-fold (Figure 6B), and co-culture of SW- and SD-treated HLMEC with neutrophils
increased cit-H3 levels by 2.8- to 3.7-fold (Figure 6C). rTFPI blocked SW- and SD-induced
H3 citrullination. Pretreatment with rTFPI reduced SW- and SD-induced H3 citrullination
in neutrophils (by 3-fold, Figure 5A); reduced H3 citrullination induced by co-culture of
SW- and SD-treated neutrophils with HLMEC (by 3.2- to 3.7-fold; Figure 6B); and reduced
H3 citrullination induced by co-culture of SW- and SD-treated HLMEC with neutrophils
(by 3.2- to 3.6-fold; Figure 6C).
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Figure 6. rTFPI, thrombomodulin (BDCA3), and thiol blockers (DTNB) prevent S-protein-induced
H3 citrullination. (A): human neutrophils treated for 24 h with SW or SD, with or without rTFPI,
DTNB, and BDCA3 (200 ng/mL). Neutrophils (B) and HLMEC (C) were treated (6 h) with SW or SD,
with or without rTFPI, DTNB, and BDCA3, washed, and co-cultured (for 24 h) with HLMEC (B) or
neutrophils (C). cit-H3 levels in culture supernatants quantified by ELISA. Data presented as mean ±
standard deviation. Control: untreated cells; Hi: heat-inactivated (SW, SD, rTFPI, DTNB, BDCA3).
# p < 0.0001.

97



Int. J. Mol. Sci. 2023, 24, 12585

vWF: Compared to controls, 24 h exposure of HLMEC to SW or SD increased vWF
levels in culture supernatants (by 6.3- to 9.4-fold; Figure 7A) and cell lysates (by 8.7 to
14.6-fold; Figure 7B). Co-culture of SW- and SD-treated HLMEC with neutrophils increased
vWF in culture supernatants by 6.5- to 9.8-fold (Figure 7C), and co-culture of SW- and
SD-treated neutrophils with HLMEC increased vWF in culture supernatants by 5.8- to
8.7-fold (Figure 7D). rTFPI blocked SW- and SD-induced vWF expression and secretion.
Pretreatment with rTFPI reduced SW- and SD-induced vWF in HLMEC culture super-
natants (by 4.7- to 8-fold, Figure 7A) and cell lysates (by 11.4- to 17-fold, Figure 7B); reduced
vWF induced by co-culture of SW- and SD-treated HLMEC with neutrophils (by 7.4-fold;
Figure 7C); and reduced vWF induced by co-culture of SW- and SD-treated neutrophils
with endothelial cells (by 6.3- to 8.5-fold; Figure 7D).

IL-6: Compared to controls, 24 h exposure of HLMEC to SW or SD increased IL-6 levels
in culture supernatants by 1.8- to 2.6-fold (Figure 8A). Co-culture of SW- and SD-treated
HLMEC with untreated neutrophils increased IL-6 expression by 2-fold (Figure 8B), and
co-culture of SW- and SD-treated neutrophils with untreated HLMEC increased IL-6 ex-
pression by 1.8- to 2-fold (Figure 8C). rTFPI blocked SW- and SD-induced IL-6 expression.
Pretreatment with rTFPI reduced SW- and SD-induced IL-6 in HLMEC culture supernatants
(by 1.6 to 1.9-fold, Figure 8A); reduced IL-6 induced by co-culture of SW- and SD-treated
HLMEC with neutrophils (by 2-fold; Figure 8B); and reduced IL-6 induced by co-culture of
SW- and SD-treated neutrophils with endothelial cells (by 1.8-fold; Figure 8C).

2.8. DTNB Blocked S-Protein-Induced Citrullination of Histone H3, Expression and Secretion of
vWF and IL-6

H3 citrullination. DTNB blocked SW- and SD-induced H3 citrullination. Pretreat-
ment with DTNB reduced SW- and SD-induced H3 citrullination in neutrophils (by 3-
fold, Figure 6A); reduced H3 citrullination induced by co-culture of SW- and SD-treated
neutrophils with HLMEC (by 2.5- to 2.7-fold; Figure 6B); and reduced H3 citrullination
induced by co-culture of SW- and SD-treated HLMEC with neutrophils (by 2.2- to 2.3-fold,
Figure 6C).

vWF. DTNB blocked SW- and SD-induced vWF expression: reduced SW- and SD-
induced vWF in HLMEC culture supernatants (by 6.5- to 9-fold, Figure 6A) and cell lysates
(by 10- to 13-fold, Figure 7B); reduced vWF induced by co-culture of SW- and SD-treated
HLMEC with neutrophils (by 8- to 10-fold; Figure 7C); and reduced vWF induced by
co-culture of SW- and SD-treated neutrophils with EC (by 5- to 8-fold; Figure 7D).

IL-6. DTNB blocked SW- and SD-induced IL-6 expression and secretion: reduced
SW- and SD-induced IL-6 in HLMEC culture supernatants (by 1.6- to 1.9-fold, Figure 8A);
reduced IL-6 induced by co-culture of SW- and SD-treated HLMEC with neutrophils (by 2-
fold; Figure 8B); and reduced IL-6 induced by co-culture of SW- and SD-treated neutrophils
with HLMEC (by 1.7- 1.8-fold; Figure 8C).

2.9. Thrombomodulin Blocked S-Protein-Induced Citrullination of Histone H3 and Blocked vWF
and IL-6 Expression and Secretion

H3 citrullination. Thrombomodulin (TM, BDCA3) blocked SW- and SD-induced
H3 citrullination. Pretreatment with TM reduced SW- and SD-induced H3 citrullination
in neutrophils (by 2.6- to 2.8-fold, Figure 6A); reduced H3 citrullination induced by co-
culture of SW- and SD-treated neutrophils with HLMEC (by 2.7- to 4.4-fold; Figure 6B);
and reduced H3 citrullination induced by co-culture of SW- and SD-treated HLMEC with
neutrophils (by 2.8-fold; Figure 6C).

vWF. TM blocked SW- and SD-induced vWF expression: reduced SW- and SD-induced
vWF in HLMEC culture supernatants (by 4- to 13-fold, Figure 6A) and cell lysates (by 9- to
17-fold, Figure 7B); reduced vWF induced by co-culture of SW- and SD-treated HLMEC
with neutrophils (by 7- to 8-fold; Figure 7C); and reduced vWF induced by co-culture of
SW- and SD-treated neutrophils with endothelial cells (by 6.2- to 10.2-fold; Figure 7D).

IL-6. TM blocked SW- and SD-induced IL-6 expression: reduced SW- and SD-induced
IL-6 in HLMEC culture supernatants (by 1.6- to 2.3-fold, Figure 8A); reduced IL-6 induced
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by co-culture of SW- and SD-treated HLMEC with neutrophils (by 2-fold; Figure 8B); and
reduced IL-6 induced by co-culture of SW- and SD-treated neutrophils with EC (by 1.7- to
1.9-fold; Figure 8C).

Figure 7. rTFPI, thrombomodulin, and thiol blockers prevent S-protein-induced vWF expression.
(A,B) HLMEC were treated (24 h) with SW or SD, with or without rTFPI, DTNB, and BDCA3. HLMEC
(C) and neutrophils (D) were treated (6 h) with SW or SD, with or without rTFPI, DTNB, and BDCA3,
washed, and co-cultured (for 24 h) with neutrophils (C) or HLMEC (D). vWF levels in culture
supernatants (A,C,D) and endothelial cell lysates (B) were quantified by ELISA. Data presented as
mean ± standard deviation. Control: untreated cells; Hi: heat-inactivated (SW, SD, rTFPI, DTNB,
BDCA3). # p < 0.0001.
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Figure 8. rTFPI, thrombomodulin, and thiol blockers prevent S-protein-induced IL-6 expression.
(A) HLMEC were treated (24 h) with SW or SD, with or without rTFPI, DTNB, and BDCA3. HLMEC
(B) and neutrophils (C) were treated (6 h) with SW or SD, with or without rTFPI, DTNB, and
BDCA3, washed, and co-cultured (for 24 h) with neutrophils (B) or HLMEC (C). IL-6 levels in culture
supernatants were quantified by ELISA. Data presented as mean ± standard deviation. Control:
untreated cells; Hi: heat-inactivated (SW, SD, rTFPI, DTNB, BDCA3). ** p < 0.007; *** p = 0.0009;
# p < 0.0001.
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3. Discussion

The lungs are a prime target for SARS-CoV-2 infection. COVID-19 disease progres-
sion is often associated with acute respiratory distress syndrome involving severe lung
injury, increased inflammation and coagulopathy [4,5,31,32], as well as increased leuko-
cyte infiltration into tissues associated with endothelial apoptosis and microcirculatory
clots [4–6]. The pathogenesis of these pulmonary complications in COVID-19 patients is
unknown. Considering that neutrophils are the most abundant leukocytes in humans [33],
that blood leukocytes infiltrate tissues by transmigrating through the vascular endothe-
lium, and that S-proteins can be shed and are present in bodily fluids, microvessels, and
tissues of SARS-CoV-2 infected patients [7,17], we investigated the effect of S-proteins
and endothelial–neutrophils interactions on the adhesion molecule P-selectin, markers
of endothelial injury and increased coagulopathy (vWF), NETosis (cit-H3) and inflamma-
tion (IL-6).

We demonstrate that exposure of HLMEC or neutrophils to S-proteins and endothelial–
neutrophils interactions significantly increased IL-6 expression and secretion. S-proteins
have also been shown to increase the production of IL-6 and other inflammatory cytokines
and chemokines in endothelial cells from other vascular beds, including human aortic
endothelial cells [34], as well as in human pulmonary epithelial cells [35,36], peripheral
blood mononuclear cells and human and murine macrophages [37–39]. Studies of COVID-
19 patients also showed significant increases in proinflammatory cytokines and chemokines,
including IL-6, IL-1β, TNF-α, and granulocyte–macrophage colony-stimulating factor, in
patients’ plasma, with much higher levels in the plasma of critically ill patients [40]. Our
current study suggests that following SARS-CoV-2 infection, viral S-proteins contribute to
inflammation of the lung endothelium and disease pathology; and that in the presence of
S-proteins, endothelial–neutrophil interactions also induce inflammation.

P-selectin is expressed on activated endothelial cells, platelets and leukocytes, and
functions as an adhesion molecule. During inflammatory responses, P-selectin plays a
critical role in the recruitment and aggregation of platelets and leukocytes to the vascular
wall and to areas of vascular and tissue injury [41,42]. Our data show that S-proteins
increase P-selectin transcription and expression in HLMEC, and co-culture of S-protein-
treated endothelial cells with non-treated neutrophils or co-culture of S-protein-treated
neutrophils with non-treated endothelial cells further increases P-selectin in both HLMEC
and neutrophils. These results suggest that S-protein-induced P-selectin would increase
leukocyte adhesion to the lung endothelium and infiltration into lung tissues and that
endothelial–neutrophil interactions further potentiate leukocyte adhesion and transmigra-
tion into tissues.

Our data also showed that exposure of HLMEC to S-proteins increased vWF expres-
sion and release, and co-culture of S-protein-treated endothelial cells with non-treated
neutrophils, or co-culture of S-protein-treated neutrophils with non-treated endothelial
cells, further increased vWF expression and secretion. vWF are stored in endothelial gran-
ules (Weibel–Palade bodies) and are released/secreted following endothelial activation [43];
vWF released further mediates the adhesion of platelets and leukocytes to the vascular
endothelium and their recruitment to sites of injury. Thus, increased vWF release is a
marker of endothelial activation and vascular injury [44]. vWF is a carrier of factor (F)-VIII
and both vWF and F-VIII increase fibrin generation and coagulopathy [45]. Our previous
study showed that exposure of human endothelial cells or neutrophils to S-proteins and
endothelial–neutrophils interactions, increased expression and release of prothrombogenic
factors, including tissue factor (TF), fibrinogen, and thrombin, via the TF pathway [46].
Our current findings are in agreement with clinical data showing that COVID-19 patients
have significantly increased levels of circulating P-selectin, vWF antigen, and F-VIII ac-
tivity [6,47–49]. The highest levels of P-selectin, vWF antigen, and F-VIII activity were
observed among critically ill patients and were associated with thrombosis, severe disease,
lower rates of hospital discharge, and higher mortality [6,47–49].
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Our current study also demonstrates that exposure of neutrophils to S-proteins and
neutrophil–endothelial interactions significantly increased the formation and release of
cit-H3. Histone citrullination is a hallmark of NETosis and is mediated by peptidyl arginine
deiminase-4 following neutrophil activation [28,50–52]. This citrullination leads to a loss
of charge and deamination of histone arginine residues, which alter histone DNA and
protein-binding properties and enable chromatin decondensation and the release of nuclear
DNA fragments [50–52]. Thus, when activated, neutrophils can release NETs, which consist
of web-like structures composed of double-stranded (ds) DNA, citrullinated histones and
granule proteins [28,50–52]. NETosis has been linked to coagulopathy and thrombosis.
NET components have been shown to degrade TFPI, thus activating the coagulation
cascade TF pathway [53]. NETs released can further serve as a scaffold for the binding of
other procoagulant molecules such as vWF, fibronectin, and fibrinogen [54], thus trapping
circulating blood cells and promoting their aggregation, resulting in the formation of
thrombi and vessel occlusion [54,55]. NET components (histones, dsDNA) further promote
thrombosis by increasing the thickness, rigidity, and stability of fibrin fibers and impeding
fibrinolysis [56,57].

Our current data showing that exposure of human neutrophils to S-proteins and
neutrophil–endothelial interaction increases the production and release of a NET compo-
nent (cit-H3) are in agreement with clinical studies showing increased NETosis in COVID-19.
Plasma, neutrophils, and lung fluids from COVID-19 patients showed increased markers
of neutrophil activation and NET components, including cit-H3, myeloperoxidase (MPO),
and the MPO-DNA complex [19,40]. Exposure of healthy human neutrophils to SARS-CoV-
2 virions also induced the release of NET components, including the MPO, MPO-DNA
complex, and cit-H3 [19]. The NETs produced can further injure the vascular endothelium.
There is evidence that NETs can induce toxicity, apoptosis, and dysfunction of the vas-
cular endothelium; induce endothelial cell expression and release of adhesion molecules
and TF, thus further promoting leukocyte recruitment to the vascular endothelium and
thrombosis [53,58–60]. NETs produced following SARS-CoV-2 treatment of neutrophils
also induced apoptosis in lung epithelial cells [19].

Our current data showed that compared to SW, exposure of HLMEC or neutrophils
to SD and endothelial–neutrophil interactions induced 2- to 15-fold higher P-selectin
transcription and significantly higher expression of P-selectin, IL-6 and vWF. Our previous
studies also demonstrated that, compared to SW, exposure of HLMEC or neutrophils to
SD and endothelial–neutrophil interactions induced significantly higher TF levels [46].
This evidence suggests that different SARS-CoV-2 genetic variants and subvariants that
have been driving waves of infection and disease epidemiology since the beginning of
the COVID-19 pandemic [61–63], can influence the production of pro-thrombotic factors,
inflammation, leukocyte adhesion to the vascular endothelium and infiltration into tissues.
These differential effects of SARS-CoV-2 variants and genotypes would influence disease
pathology in infected individuals.

We previously demonstrated that exposure of HLMEC or neutrophils to S-proteins and
neutrophil–endothelial interactions induced prothrombogenic factors (TF, F-V, thrombin,
and fibrinogen), inhibited TFPI, and that both rTFPI and DTNB blocked S-protein-induced
upregulation of F-V, thrombin, and fibrinogen [46]. TFPI is a serine protease inhibitor that
inhibits TF activity and blocks the coagulation cascade extrinsic pathway [64–66]. Disulfide
bonds are essential for TF activation and increased TF activity that drives the coagulation
extrinsic pathway signaling cascade [67–69]. DTNB reacts with free thiol groups to pre-
vent the formation of disulfide bonds [70], and thiol-based drugs can decrease S-proteins
binding to ACE2, inhibit viral entry and infection, and decrease SARS-CoV-2-induced
inflammation of lung neutrophils [71,72]. Our current data show that rTFPI and DTNB also
blocked S-protein-induced expression and secretion of IL-6, vWF, and cit-H3. These results
suggest that following direct contact of SARS-CoV-2 with the pulmonary endothelium
or neutrophils, and endothelial–neutrophil interactions, viral S-proteins induce endothe-
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lial degranulation (leading to the release of vWF from cellular granules), NETosis and
inflammation via the TF pathway and mechanisms involving functional thiol groups.

TM is an endothelial receptor and a natural anticoagulant that binds thrombin to
form a stable thrombin–TM complex that induces fibrinolysis and prevent/reduce coagula-
tion [27]. We previously demonstrated that TM blocked S-protein-induced upregulation
of fibrinogen but had no effect on S-protein-induced expression of F-V or thrombin [46].
Our current study demonstrates that TM blocks S-protein-induced increases in IL-6, vWF,
and cit-H3 production. These results suggest that SARS-CoV-2-induced vWF, NETosis, and
inflammation occur downstream of the coagulation TF pathway, and as TM binds thrombin
and limits the intrinsic and common pathways of the coagulation cascade, it abrogates
vWF production, inflammation and NETosis.

Because S-proteins are shed by infected cells in vivo and most COVID-19 vaccines
encode SARS-CoV-2 S-proteins, increases in markers of inflammation, coagulopathy,
and NETosis following exposure of neutrophils and lung endothelial cells to S-proteins
could explain some vascular complications observed in COVID-19 patients [73] and post-
COVID-19 vaccination adverse events. In fact, reported post vaccination complications
include increased vasculitis, endothelial activation, increased inflammatory cytokines and
chemokines, and thrombosis [74–76]. Studies in a SARS-CoV-2 mouse model showed that
the S-protein S1 subunit was primarily responsible for the observed lung injury, increase in
inflammatory cytokines and blood cells in lung fluids [77]. In vitro studies also showed that
S1 significantly decreased trans-endothelial electric resistance and increased endothelial
permeability [77]. Our future studies will determine whether a specific S-protein subunit
is responsible for the increased coagulopathy, histone citrullination and inflammation
observed in our current study.

In summary, our current data demonstrate that exposure of primary HLMEC or neu-
trophils to S-proteins and endothelial–neutrophil interactions increased the transcription
and expression of P-selectin (adhesion molecule), increased the expression and secretion of
markers of endothelial activation and coagulopathy (vWF), NETosis (cit-H3) and inflam-
mation (IL-6). rTFPI, DNTB, and TM prevented these S-protein-induced effects (Figure 9),
which suggests that following SARS-CoV-2 contact with the lung endothelium or neu-
trophils and endothelial–neutrophil interactions, viral S-proteins induce inflammation, NE-
Tosis, and coagulopathy via the TF pathway and mechanisms involving free and functional
thiol groups. These findings also suggest that therapeutic strategies against SARS-CoV-2-
induced inflammation, NETosis, and coagulopathy could include supplementation with
rTFPI, natural anticoagulants such as TM, and/or thiol-based drugs.
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⊥
Figure 9. Model illustrating S-protein-induced P-selectin, vWF, IL-6 and cit-H3. Arrows indicate
direct activation. The red arrows indicate upregulation; the red perpendicular symbol (⊥) indicates
pharmacological inhibitors.

4. Materials and Methods

4.1. Reagents

Recombinant SARS-CoV-2 S-proteins, SW, SD, rhACE2, rTFPI, and TM (BDCA3), were
purchased from R&D Systems (Minneapolis, MN, USA). DTNB was from Sigma-Aldrich
(St. Louis, MO, USA). Anti-human CD66b and anti-human CD45 antibodies were from
Stemcell Technologies (Cambridge, MA, USA); anti-human CD16 antibodies were from
Ancell Corporation (Stillwater, MN, USA). Monoclonal P-selectin antibodies and DAPI
were from Thermo Fisher/Invitrogen (Waltham, MA, USA), and β-actin antibodies were
from Santa Cruz Biotechnology (Dallas, TX, USA).

4.2. HLMEC and Neutrophils

Primary HLMEC was obtained from Lonza (Houston, TX, USA), cultured to conflu-
ence as previously described [78–80], and used at passages 2 to 4. Blood samples were
obtained from human donors seronegative for HIV-1, HIV-2, and hepatitis-B [80,81]. Neu-
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trophils were isolated from fresh donor blood using the EasySep direct human neutrophil
isolation kit (Stemcell Technologies), and their purity was confirmed by FACS as previously
described using antibodies to human CD16, CD66b, and CD45 [46].

4.3. Cell Treatment and Endothelial–Neutrophil Co-Culture

S-proteins (both SW and SD) were used at 1 nM and rTFPI, DTNB, and BDCA3 at
200 ng/mL, based on previous studies showing that these doses do not decrease cellular
viability [46,82]. Treatment of HLMEC and neutrophils with SW and SD, pre-treatment
with rTFPI, DTNB, and BDCA3, culture, co-culture, collection of culture supernatants and
harvesting of neutrophils and endothelial cells were performed as previously described [46].
Controls included untreated cells, cells treated with heat-inactivated (Hi) S-proteins, rTFPI,
DTNB, or BDCA3, and cells pretreated with rhACE2 (1 μg/mL) to block S-protein binding.

4.4. RNA Isolation and Real-Time PCR

Total RNA was extracted from cells using the Trizol reagent (Life Technologies-Ambion,
Austin, TX, USA), RNA quality was checked, and reverse transcription was performed
using the Verso cDNA synthesis kit (ThermoFisher) as previously described [46]. Real-
time PCR was performed using the LightCycler 480 II (Roche, Basel, Switzerland) Real-
Time PCR System. Experimental details and cycling conditions were as previously de-
scribed, using the following Applied Biosystems (Waltham, MA, USA) primers: Selectin-P
(Hs00927900_m1) and GAPDH (Hs02786624_g1). P-selectin mRNA levels were quantified
using the Delta-CT method and normalized to the sample’s GAPDH levels.

4.5. Human vWF, cit-H3, and IL-6 ELISA

Following treatments, culture supernatants and cells were collected; cells were lysed
in mammalian cell lysis buffer (CelLytic M, Sigma) and their protein content quantified
using the bicinchoninic acid assay, as previously described [83–85]. Levels of vWF, cit-H3,
and IL-6 in each culture supernatant (100 μL), as well as vWF levels in cell lysates (100 μL
containing 50 μg protein), were quantified by ELISA using human vWF (Abcam, Waltham,
MA, USA), cit-H3 (Cayman Chemical, Ann Arbor, MI, USA), and IL-6 (Invitrogen) ELISA
kits in accordance with the manufacturer’s protocols. Standard curves from human vWF,
cit-H3, and IL-6 reference standards (provided with each kit) were used, respectively, to
quantify vWF, cit-H3, and IL-6 levels in each sample. Data were analyzed using Student’s
t-test (two-tailed) or analysis of variance, followed by Tukey’s multiple-comparison tests, as
previously described [46].For all figures, data are presented as mean ± standard deviation.

4.6. Immunofluorescence Analysis

Primary HLMEC were cultured to confluence on collagen-coated coverslips, treated
for 12 h with S-proteins and analyzed by immunofluorescence as previously described [85]
using antibodies to P-selectin (Thermo Fisher Scientific, Waltham, MA, USA) diluted
1:100 in PBS containing 0.1% Tween 20 and 1% bovine serum albumin (PBST); and fluo-
rescein isothiocyanate-conjugated secondary antibodies (1:2000 in PBST). Coverslips were
mounted using ProlongTM Gold anti-fade mounting medium with DAPI (Invitrogen) and
sealed as we previously described. Images were captured using an Eclipse TE20000-U
fluorescent microscope (Nikon, Melville, NY, USA) and an Infinity 3–6 urfm monochrome
camera (Luminera, Lod, Israel). Semi-quantitative analysis of P-selectin expression was
performed using computer-assisted image analysis of the ImageJ software, and five fields
of view (FOV) were analyzed for each sample. The staining intensity was normalized to
surface area (μm2) and averaged to estimate protein expression (μm2 FOV).

4.7. Western Blot Analysis

Primary HLMEC cultured to confluence in six-well plates were treated for 12 h with
S-proteins, harvested and lysed in CelLyticTM M buffer (Sigma) containing protease in-
hibitors. The total protein concentration in each sample was quantified using the Bicin-
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choninic Acid assay as previously described [83,85,86]. Protein samples (30 μg each)
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis as previously
described [83,85,86] using monoclonal antibodies to P-selectin and β-actin (each at 1:1000 di-
lution). Densitometry analysis was performed using the ImageJ (V.1.54f 29) software; each
sample’s P-selectin level was normalized to its β-actin levels.
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DTNB 5:5′-dithio-bis-(2-nitrobenzoic acid)
TFPI Tissue factor pathway inhibitor
rTFPI Recombinant tissue factor pathway inhibitor
BDCA3/TM Thrombomodulin
vWF von Willebrand factor
IL-6 Interleukin-6
Cit-H3 Citrulinated histone 3
dsDNA Double strand DNA
NETs Neutrophils extracellular traps
MPO Myeloperoxidase
TF Tissue factor
F-V Factor-V
F-VIII Factor-VIII
SARS-CoV-2 Severe acute respiratory syndrome coronavirus-2
COVID-19 Coronavirus disease 2019
ACE2 Angiotensin-converting enzyme-2
rhACE2 Recombinant human ACE2
S-proteins Spike proteins
SW Spike protein: Wuhan variant
SD Spike protein: delta variant
Hi Heat-inactivated
ELISA Enzyme-linked immunosorbent assay
PCR Polymerase chain reaction
cDNA Complementary DNA
GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase
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Abstract: The COVID-19 pandemic caused by the new SARS-CoV-2 coronavirus is the most recent
and well-known outbreak of a coronavirus. RNase 1 is a small endogenous antimicrobial polypeptide
that possesses antiviral activity against viral diseases. In this study, we investigated a potential
association between ribonuclease 1 and the outcome in COVID-19 patients and the impact of increased
and decreased RNase 1 levels serum during the course of the disease. Therefore, two patient
populations, Cohort A (n = 35) and B (n = 80), were subclassified into two groups, in which the
RNase 1 concentration increased or decreased from time point one to time point two. We show that
the RNase 1 serum levels significantly increased in the increasing group of both cohorts (p = 0.0171;
p < 0.0001). We detect that patients in the increasing group who died had significantly higher RNase
1 serum levels at both time points in Cohort A (p = 0.0170; p = 0.0393) and Cohort B (p = 0.0253;
p = 0.0034) than patients who survived. Additionally, we measured a significant correlation of RNase
1 serum levels with serum creatinine as well as creatinine clearance in the increasing and decreasing
group at both time points of Cohort A. Based on these results, there is now good evidence that RNase
1 may play a role in renal dysfunction associated with ICU COVID-19 patients and that increasing
RNase 1 serum level may be a potential biomarker to predict outcome in COVID-19 patients.

Keywords: COVID-19; SARS-CoV-2; RNase 1; kidney injury; biomarker

1. Introduction

Coronaviruses are a family of seven known single-stranded RNA viruses that can
cause a range of illnesses, from mild upper respiratory disease to more severe respiratory
illnesses [1,2]. The most recent and well-known outbreak of a coronavirus is the COVID-19
pandemic caused by the new SARS-CoV-2 coronavirus. SARS-CoV-2 has caused a severe
health crisis with millions of confirmed cases and hundreds of thousands of deaths world-
wide, so the World Health Organization (WHO) declared it a Public Health Emergency of
International Concern on 30 January 2020 [1]. Since the emergence of COVID-19, research
on coronaviruses has been strongly promoted and grown, and scientists and clinicians
are working to better understand the virus and to develop effective treatments. However,
there is still much to learn about coronaviruses and their general potential to cause further
outbreaks in the future. In addition, new strains of the virus have emerged in the meantime,
underscoring the need for continued research on the virus and its variants.

Ribonucleases are small endogenous antimicrobial polypeptides that possess antivi-
ral activity against viral diseases. Several studies have demonstrated that RNase 1 and
2 possess antiviral properties against human immunodeficiency virus (HIV)-1 [3,4]. In
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addition to its antiviral activity, RNase 1 has high ribonucleolytic activity and thus plays
a potential role in regulating the immune response by recognizing and degrading single-
and double-stranded RNA molecules [5]. As a result of an inflammatory response and
associated cell death, extracellular RNA (eRNA) is released. The eRNA binds to Toll-like
receptors (TLRs) 3 and 7 and induces various signaling pathways involved in the initiation
of the innate immune response [6–8]. Due to its ribonucleolytic activity, RNase 1 is thought
to have the ability to recognize and degrade viral RNA, thus preventing its replication in
host cells [9]. This could contribute to preventing an excessive or dysregulated immune
response that can lead to severe disease progression. Ireland and colleagues showed in a
study that RNase L has a protective role on a murine coronavirus mouse hepatitis beta CoV
strain (MHV-JHM) [10].

COVID-19 has been shown to be associated with renal dysfunction [11–13]. In a previ-
ous study, we showed that patients with renal dysfunction had significantly higher RNase
1 levels after thoracoabdominal aortic aneurysm (TAAA) repair than patients without renal
dysfunction [14]. However, the role of RNase 1 and its association with renal function in
patients infected by SARS-CoV-2 is unknown.

In this study, we therefore measured the RNase 1 dynamics in the blood of patients
with SARS-CoV-2 infection in two different cohorts. To determine the prognostic value of
RNase 1 as a potential new biomarker in diseases induced by SARS-CoV-2 and its potential
as a possible therapeutic target, we also investigated whether RNase 1 levels decrease or
increase during disease progression. Furthermore, we correlate RNase 1 serum levels with
28-day mortality and other clinical parameters such as C-reactive protein (CRP), interleukin-
6 (IL-6), and procalcitonin (PCT) of patients with increasing or decreasing RNase 1 serum
levels. To investigate the role of RNase in SARS-CoV-2-induced renal dysfunction, we
also investigated the correlation of RNase 1 levels with serum creatinine and creatinine
clearance of patients with SARS-CoV-2 and the impact of increased and decreased RNase 1
levels during the course of the disease.

2. Results

2.1. Patient Characteristics

In the first cohort, 35 patients with SARS-CoV-2 infection were included (Table 1).
Patients in whom the RNase 1 serum levels increased or decreased from day 2 to day 4 were
categorized in one of two groups, the increasing (n = 22) and decreasing (n = 13) RNase
1 level groups. On average, the patients were 61 years old, and 74.29% were male. Only
eight patients were diagnosed with diabetes mellitus, and all eight patients belonged to
the increasing RNase 1 group (p = 0.0124). While the average time in ICU was 19 days,
patients belonging in the increasing RNase 1 group were in the ICU for a mean of 23.5 days
and those in the decreasing group were in the ICU only for a mean of 17 days (p = 0.0443).
Further details of the patient characteristics of Cohort A can be found in Table 1.

In the second cohort (Cohort B), 80 patients with SARS-CoV-2 infection were included
(Table 2). The patients of this group were also categorized in two groups, where the RNase
1 serum levels increased (n = 48) or decreased (n = 32) from day 1 to week 1. On average,
the patients were 64 years old, and 63.75% were male. Forty-four patients were in the
ICU, 31 patients belonged to the increasing RNase 1 group, and only 13 of these patients
belonged to the decreasing group (p = 0.0351). The ICU patients of the increasing group
were in the ICU for an average of 18 days, whereas the patients of the decreasing RNase 1
group were in the ICU for a mean of 21 days. Further details of the patient characteristics
of Cohort B can be found in Table 2.
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Table 1. Patient characteristics of Cohort A.

All (n = 35)
Increasing RNase 1

Levels (n = 22)
Decreasing RNase 1

Levels (n = 13)
p-Value

Age (year) (IQR) 61.00 (56.00–67.00) 60.50 (56.75–72.25) 62.00 (54.00–66.00) 0.4467
Male sex (%) 26 (74.29) 18 (81.82) 8 (61.54) 0.1954

BMI (kg/m2) (IQR) 29.40 (26.30–32.30) 30.15 (26.53–33.03) 29.30 (24.25–30.80) 0.7779
Diabetes mellitus (%) 8 (22.86) 8 (36.36) 0 (0) * 0.0124

Chronic renal failure (%) 5 (14.29) 2 (9.09) 3 (23.08) 0.2663
Smoker (%) 2 (5.71) 2 (9.09) 0 (0) 0.2762

Ex-smoker (%) 3 (8.57) 2 (9.09) 1 (7.69) 0.8905
LOS (days) (IQR) 38.00 (26.00–55.00) 38.50 (27.50–52.75) 30.00 (18.00–56.00) 0.5713

LOS ICU (days) (IQR) 19.00 (16.00–35.00) 23.50 (17.50–46.25) 17.00 (12.50–23.00) * 0.0443
28-day mortality (%) 12 (34.29) 9 (40.91) 3 (23.08) 0.2967

Data are presented as n (%) or median (IQR). An unpaired t-test (two-tailed) was used for statistical analysis with
* p < 0.05. IQR: interquartile ranges (Q1–Q3); BMI: body mass index; LOS: length of stay; ICU: intensive care unit.

Table 2. Patient characteristics of Cohort B.

All (n = 80)
Increasing RNase 1

Levels (n = 48)
Decreasing RNase 1

Levels (n = 32)
p-Value

Age (year) (IQR) 64.00 (52.00–75.00) 63.00 (55.00–71.75) 68.00 (51.00–78.25) 0.5802
Male sex (%) 51 (63.75) 30 (62.5) 21 (65.63) 0.7791

BMI (kg/m2) (IQR) 28.49 (26.10–31.95) 27.73 (25.45–31.22) 29.40 (26.64–32.89) 0.5656
LOS (days) (IQR) 18.00 (12.25–34.00) 18.50 (12.25–38.50) 16.50 (10.75–27.00) 0.5515

LOS ICU (days) (IQR) 19.00 (12.00–38.75) 18.00 (12.00–35.00) 21.00 (12.50–44.50) 0.9218
ICU patients (%) 44 (55.00) 31 (64.58) 13 (40.63) * 0.0351

28-day mortality (%) 22 (27.50) 18 (37.50) 4 (12.5) * 0.0138

Data are presented as n (%) or median (IQR). An unpaired t-test (two-tailed) was used for statistical analysis with
* p < 0.05. IQR: interquartile ranges (Q1–Q3); BMI: body mass index; LOS: length of stay; ICU: intensive care unit.

2.2. RNase 1 Serum Levels

First, we wanted to analyze whether the RNase 1 serum levels increased or decreased
in COVID-19 patients over two days (Figure 1A) or a week (Figure 1B). We could not detect a
significant increase in RNase 1 serum levels in the different cohorts (Figure 1A,B). Therefore,
we grouped the patients into two groups based on their increasing or decreasing RNase 1
serum levels. In Cohort A, 22 patients were detected in whom RNase serum levels increased
(increasing group) from day 2 (564.4 ± 289.9 ng/mL) to day 4 (871.9 ± 431.7 ng/mL),
whereas 13 patients in Cohort A had a decrease in RNase 1 serum levels (decreasing
group) from day 2 (549.0 ± 207.7 ng/mL) to day 4 (462.4 ± 173.7 ng/mL). In Cohort B, an
increase in RNase 1 serum levels (increasing group) from day 1 (260.3 ± 141.3 ng/mL) to
week 1 (517.9 ± 352.9 ng/mL) was detected in 48 patients. In 32 patients of Cohort B, a
decrease in RNase 1 serum levels (decreasing group) from day 1 (465.6 ± 268.2 ng/mL) to
week 1 (294.9 ± 206.5 ng/mL) was measured. We showed that the RNase 1 serum levels
significantly increased in the increasing group from day 2 to day 4 (p = 0.0171; Figure 1C).
In Cohort B, we detected a significant increase in RNase 1 serum levels from day 1 to
week 1, as well as a significant decrease in the decreasing group (p < 0.0001 and p = 0.0077;
Figure 1D).

2.3. Correlation of RNase 1 Serum Levels with 28-Day Mortality

Next, we investigated the correlation between RNase 1 serum levels and 28-day
mortality in COVID-19 patients. We show that in Cohort A, 40.9% of the patients died
within 28 days in the increasing RNase 1 group, and only 23.1% of the patients were
included in the deceasing group (Figure 2A). In Cohort B, we found that there were
significantly more patients who died in the increasing group than in the decreasing group
(p = 0.0138; Figure 2B). Furthermore, we analyzed the RNase 1 serum levels of the different
groups and showed that patients in Cohort A of the increasing group who died had
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significantly higher RNase 1 serum levels on day 2 than patients who survived (p = 0.0170;
Figure 2C). On day 4, we measured significantly higher RNase 1 serum levels in patients
who died later in the increasing group compared with surviving patients in the increasing
group (p = 0.0393) and dying patients in the decreasing group (p = 0.0471; Figure 2D). In
the decreasing group, no significant difference between the RNase 1 concentrations in
surviving or dying patients was detected in Cohort A on day 2 and 4 (Figure 2C,D). In
Cohort B, we also measured significantly higher RNase 1 serum levels in dying patients
of the increasing group compared with surviving patients of the increasing group on
day 1 and week 1 (p = 0.0253 and p = 0.0034; Figure 2E,F). In contrast to Cohort A, we
detected significantly higher RNase 1 concentrations in the serum of surviving patients in
the decreasing group compared to surviving patients in the increasing group on both days
in Cohort B (p = 0.0006; Figure 2E).

Figure 1. RNase 1 serum levels in Cohorts A and B. (A) RNase 1 serum levels of all patients in
Cohort A on day 2 (d2) and day 4 (d4) and (B) Cohort B on day 1 (d1) and week 1 are presented.
(C,D) The patients in the cohorts were grouped into two groups. In the first group, patients were
included in which the RNase 1 serum levels increased (increasing RNase 1 levels), and in the second
group, patients with decreasing RNase 1 serum levels (decreasing RNase 1 levels) were included. An
unpaired t-test (two-tailed) was used for statistical analysis.
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Figure 2. Association between RNase 1 serum levels and 28-day mortality. (A) Survival rate of all
patients in Cohort A and (B) Cohort B grouped by increasing and decreasing RNase 1 serum levels in
percentage. The correlation of RNase 1 serum levels with the mortality rate in COVID-19 patients in
Cohort A on (C) day 2 and (D) day 4 as well as (E) in Cohort B on day 1 and (F) week 1 grouped in
increasing and decreasing RNase 1 levels. Unpaired t-test (two-tailed) or one-way ANOVA was used
for statistical analysis.

2.4. RNase 1 Serum Levels Correlate with Creatinine Serum Levels and Creatinine Clearance in
COVID-19 Patients

To investigate the role of RNase 1 in kidney function/injury in patients with SARS-
CoV-2 infection, we explored correlation of serum creatinine levels with RNase 1 serum
levels in the different groups and time points. We measured a significant correlation
between the creatinine and RNase 1 serum levels in all patients on day two (p = 0.0007)
and day four (p = 0.0004) after COVID-19 diagnosis (Figure 3A,D). Next, we grouped
the patients according to increasing and decreasing RNase 1 serum levels and correlated
the creatinine serum levels again with the RNase 1 levels. We also detected a significant
correlation on day two and day four in the increasing group (p = 0.0254 and p = 0.0333;
Figure 3B,E). Interestingly, in the decreasing group, we detected a higher significance in
the correlation between creatinine and RNase 1 serum levels on both days (p < 0.0001 and
p = 0.0002; Figure 3C,F).

We also investigated the correlation between serum creatinine levels and RNase 1
serum levels in the second cohort on day one. We measured a significant correlation
between the creatinine and RNase 1 serum levels in all patients on day one (p = 0.0073;
Figure 4A). After grouping the patients of the second cohort into an increasing and decreas-
ing group, we detected, in contrast to the first cohort, only a significant correlation between
the creatinine and RNase 1 serum levels in the increasing group (p = 0.0344; Figure 4B).
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Figure 3. Correlation of RNase 1 and creatinine serum levels in Cohort A. (A) Correlation of RNase
1 and creatinine serum levels of all COVID-19 patients in Cohort A on day two is presented. The
correlation of RNase 1 and creatinine serum levels two days after COVID-19 diagnosis in patients
with (B) increasing or (C) decreasing RNase 1 serum levels from day 2 to day 4 is shown. (D) The
correlation of RNase 1 and creatinine serum levels of all COVID-19 patients in Cohort A four days
after COVID-19 infection is presented. The correlation of RNase 1 and creatinine serum levels four
days after COVID-19 diagnosis in patients with (E) increasing or (F) decreasing RNase 1 serum levels
from day 2 to day 4 is shown. Simple linear regression was used for statistical analysis.

Figure 4. The correlation of RNase 1 and creatinine serum levels in Cohort B. (A) The correlation
of RNase 1 and creatinine serum levels of all COVID-19 patients in Cohort B on the day of COVID-
19 infection is shown. The correlation of RNase 1 and creatinine serum levels in patients with
(B) increasing or (C) decreasing RNase 1 serum levels from day 1 to week 1 is presented. Simple
linear regression was used for statistical analysis.

Furthermore, we explored the correlation of creatinine clearance with RNase 1 serum
levels in the different groups and time points. In Cohort A, we measured a significant
negative correlation between creatinine clearance and RNase 1 serum levels in all patients
on day two (p = 0.0016) and day four (p = 0.0006) after COVID-19 diagnosis (Figure 5A,D).
After grouping patients according to increasing and decreasing RNase 1 serum levels, we
detected a higher significant correlation between creatinine clearance and RNase 1 serum
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levels on both days in the increasing group (p = 0.0008 and p = 0.0012; Figure 5C,F) than in
the decreasing group (p = 0.0409 and p = 0.0341; Figure 5B,E).

Figure 5. Correlation of RNase 1 serum levels and creatinine clearance on day 2 and 4 in Cohort A.
(A) The correlation of RNase 1 and creatinine clearance of all COVID-19 patients in Cohort A on
day two is presented. The correlation of RNase 1 and creatinine clearance two days after COVID-19
diagnosis in patients with (B) increasing or (C) decreasing RNase 1 serum levels from day 2 to day
4 is shown. (D) The correlation of RNase 1 and creatinine clearance of all COVID-19 patients in
Cohort A four days after COVID-19 infection is presented. The correlation of RNase 1 and creatinine
clearance four days after COVID-19 diagnosis in patients with (E) increasing or (F) decreasing RNase
1 serum levels from day 2 to day 4 is shown. Simple linear regression was used for statistical analysis.

In Cohort B, we did not detect a correlation between creatinine clearance and serum
RNase 1 levels, neither in all patients nor in different subgroups and time points (Figure 6).

Figure 6. Correlation of RNase 1 and creatinine clearance on the day of diagnosis in Cohort B. (A) The
correlation of RNase 1 and creatinine clearance of all COVID-19 patients in Cohort B on the day of
COVID-19 infection is shown. The correlation of RNase 1 and creatinine clearance in patients with
(B) increasing or (C) decreasing RNase 1 serum levels from day 1 to week 1 is presented. Simple
linear regression was used for statistical analysis.
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2.5. Time Course of Biomarkers and Scores over 14 Days and the Correlations of RNase 1 Levels
with Clinical Parameters of ICU Patients with SARS-CoV-2 Infection

ICU patients with SARS-CoV-2 infection (Cohort A), grouped into increasing and
decreasing RNase 1 serum levels, were evaluated for various biomarkers and scores (lactate,
IL-6, PCT, CRP, sepsis-related organ failure assessment (SOFA) score, and Horowitz score)
over a 14-day period. No relevant differences could be detected between the groups
(Figure 7).

Figure 7. The time course of different biomarkers over 14 days in COVID-19 patients in Cohort A.
Presented are (A) lactate, (B) IL-6, (C) PCT, (D) CRP, (E) the SOFA score, and (F) the Horowitz score
over 14 days in COVID-19 patients grouped into increasing and decreasing RNase 1 serum levels.
Ordinary two-way ANOVA was used for multiple comparisons (* p < 0.05).

To investigate the impact of increased and decreased RNase 1 levels serum during the
course of the disease, we correlated RNase 1 serum level with various clinical parameters
(Table 3). We detected, that RNase 1 level on day 2 of the increasing group correlate positive
with PCT (p = 0.0132). Furthermore, we also measured a positive correlation with the
days of dialysis and a negative correlation with diuresis (p = 0.0199; p = 0.0044) in the
increasing group on day 2. On day 4, we detected a negative correlation with CRP and
diuresis in the increasing group (p = 0.0200; p = 0.0013). A significant positive correlation
with leucocytes and days of dialysis was also measured in the increasing group on day 4
(p = 0.0167; p = 0.0046). In the decreasing group, no significant correlations were detected
(Table 3).

Table 3. Correlations of RNase 1 with various clinical parameters.

Increasing RNase 1 d2 Decreasing RNase 1 d2

Variable Pearson r p-Value Pearson r p-Value

CRP 0.0360 0.8909 −0.5112 0.1080

PCT 0.5570 * 0.0132 0.1131 0.7263

IL-6 −0.2412 0.3197 −0.2364 0.4839

118



Int. J. Mol. Sci. 2023, 24, 12428

Table 3. Cont.

Leucocytes 0.3793 0.0899 −0.3282 0.2977

days of dialysis 0.5038 * 0.0199 0.2462 0.4406
Diuresis −0.6085 * 0.0044 −0.2475 0.4379

Increasing RNase 1 d4 Decreasing RNase 1 d4

Variable Pearson r p-value Pearson r p-value

CRP −0.5576 * 0.0200 0.1304 0.7023

PCT 0.3239 0.1414 0.1752 0.5859

IL-6 0.1298 0.5855 0.3544 0.2849

Leucocytes 0.5044 * 0.0167 −0.0142 0.9650

days of dialysis 0.5812 * 0.0046 0.1999 0.5334
Diuresis −0.6414 * 0.0013 −0.3839 0.2179

Shown are correlations of RNase 1 serum level of the increasing and decreasing groups at days 2 and 4 with
various clinical parameters and correlation coefficient r with 95% confidence interval CI. *: significant correlations;
CRP: C-reactive protein; IL-6: interleukin-6; PCT: procalcitonin.

3. Discussion

Several studies have demonstrated that RNase 1 possesses antiviral properties against
HIV-1 [3,4]. Therefore, it has been postulated that RNases may be candidate drugs for host
defense and could provide an alternative means to combat viral infections [9,15]. In this
study, we demonstrated for the first time that RNase 1 serum levels play a potential role in
patients with SARS-CoV-2 infection.

We could not detect changes in RNase 1 serum levels over time in both cohorts when
all patients were analyzed together. However, after grouping patients in the two cohorts
into an increasing and a decreasing group, we found that RNase 1 serum levels significantly
increased in Cohort A from day 2 to day 4 and in Cohort B from day 1 to week 1. In Cohort
A, a decrease in RNase 1 levels was observed in the decreasing group. The decrease in
RNase 1 serum levels was even significant in Cohort B in the decreasing group from day 1
to week 1. It is possible that RNase 1 levels in Cohort A would also decrease significantly
from the first to the second time point if the second measurement had been performed at a
later time point, as in Cohort B. Because the patients in Cohort A were only ICU patients,
whereas Cohort B also included patients who were not in the ICU, the two patient cohorts
were different in the time points.

We showed that patients in the increasing group of Cohort A stayed in the ICU signifi-
cantly longer than patients in the decreasing group. Similarly, patients in the increasing
group of the second cohort were in the ICU significantly more often than patients in the
decreasing group. In both cohorts, a higher mortality rate was observed in patients of the
increasing group compared with patients with decreasing RNase 1 levels from time point 1
to 2. These data are in line with a previous study showing that patients with significantly
higher serum RNase 1 levels 12 h after TAAA repair had a higher mortality rate than
patients with lower RNase 1 levels [14].

In previous studies, it was shown that serum RNase 1 serum levels are associated with
the development of renal failure and positively correlated with serum creatinine in patients
with leukemia [16]. Consistent with this study, we also measured a significant positive
correlation of RNase 1 serum levels with serum creatinine in all groups of Cohort A in the
present study. In addition, we measured a positive correlation with the days of dialysis and
a negative correlation with diuresis (p = 0.0199; p = 0.0044) in the increasing group on day
2. On day 4, we also detected a significant positive correlation with days of dialysis and a
negative correlation diuresis in the increasing group (p = 0.0046; p = 0.0013). This suggests
that increasing RNase 1 levels in patients with SARS-CoV-2 infection are associated with
renal injury.
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Although more patients died in the increasing group and no significant correlations
with other clinical parameters were observed, a stronger positive correlation between
creatinine levels and RNase 1 levels was measured in the decreasing group at both day 2
and day 4. Consistently, we showed that higher RNase 1 levels were associated with lower
creatinine clearance. Moreover, there was a stronger correlation between RNase 1 levels and
creatinine clearance in the decreasing group than in the increasing group. Consistent with
this, our research group showed in a previous study that patients with renal dysfunction
had significantly higher RNase 1 levels after TAAA repair than patients without renal
dysfunction [14]. In addition, patients with higher serum RNase 1 levels were more likely
to develop stage 3 acute kidney injury 48 h after surgery [14]. Furthermore, sepsis patients
with renal dysfunction were found to have significantly higher RNase 1 levels than patients
without renal dysfunction [17]. Additionally, Martin et al. showed that patients with sepsis
have significantly higher serum RNase 1 levels than healthy volunteers [17]. Indeed, at
days 5 and 14, we measured significantly higher SOFA scores in the increasing group than
in the decreasing group.

SARS-CoV-2 infection can cause ARDS, which is defined according to the 2012 Berlin
ARDS diagnostic criteria [18–20]. The severity of ARDS depends on the Horowitz quotient
(PaO2/FiO2) [20]. Interestingly, a significant difference in Horowitz score was observed at
days 1 and 8, which may suggest that increasing RNase 1 levels over time in COVID-19
patients are associated with lung injury. However, this could not be confirmed using other
clinical parameters and biomarkers, where no differences were found. It could only be
shown that the values of the increasing group were higher compared with the decreasing
group in all biomarkers. This suggests that increasing RNase 1 levels may be associated
with worse outcomes in SARS-CoV-2 patients.

Several studies have described that males with SARS-CoV-2 infection have a worse
outcome than female patients [21–23]. However, in this study, we did not detect any
association between RNase 1 concentration and worse outcome in relation to biological sex.

4. Materials and Methods

4.1. Study Design/Population

In this study, two different patient populations were analyzed. All serum samples
were collected, based on approval by the Ethics Committee of the University Hospital
RWTH Aachen (EK 100/20, proofed on the 7 April 2020 and EK 080/20, proofed on the
27 March 2020). All patients or their legal representatives provided written informed con-
sent. The serum samples of the first cohort (Cohort A) were collected between March
and April 2020. Thirty-five patients with positive SARS-CoV-2 PCR results and intensive
care admission were included in this study. This patient population has been described
in previous studies by our research group [24–26]. The serum samples of patients with
COVID-19 infection in the second study population were collected between April 2020 and
May 2021. In this cohort, 80 patients were included (Cohort B). Patients who were younger
than 18 years of age, pregnant, or under palliative care were excluded. Identification of
infection was carried out using real-time reverse transcription PCR (RT-PCR). All parame-
ters, including demographics, vital signs, laboratory values, blood gas analyses, and organ
support, were extracted from the patient data management system (Intellispace Critical
Care and Anesthesia (ICCA) system, Philips, Amsterdam, Netherlands).

The patient populations were subclassified into an “increasing group”, in which the
RNase 1 concentration increased over the two time points, and a “decreasing group”, in
which the RNase 1 concentration decreased from time point one to time point two, similar
to those in Bleilevens et al. [24].

4.2. Serum Sampling

Serum samples of Cohort A were collected one and three days (d2 and d4) after
SARS-CoV-2 infection was confirmed via PCR. In Cohort B, serum samples were collected
on the day when the positive PCR result was available (d1) and one week (week 1) after
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SARS-CoV-2 infection was confirmed. After 10 min of coagulation, serum samples were
centrifuged at 3000 rpm for 10 min at room temperature and stored at −80 ◦C until RNase
1 serum levels were measured.

4.3. Human Enzyme-Linked Immunosorbent Assay

Levels of RNase 1 in human serum were determined using a commercial ELISA
kit (#SEK13468; Sino Biological Inc., Beijing, China) according to the manufacturer’s in-
structions. Briefly, a 96-well microplate was coated with capture antibody and incubated
overnight at 4 ◦C. The antibody solution was discarded, and the microplate was washed
with at least 300 μL of wash buffer three times. Next, the plate was blocked by adding
300 μL of blocking buffer to each well, incubated at room temperature for 1 h, and washed.
Afterward, the standard and samples were added in duplicate. After 2 h of incubation at
room temperature, the washing step was repeated, and 100 μL of a detection antibody was
added to each well and incubated for 1 h at room temperature. The microplate was washed
three times, and 200 μL of a substrate solution was added to each well and incubated for
20 min at room temperature; 50 μL of stop solution was added to stop the reaction. For
analysis, the optical density was measured at 450 nm and 570 nm as a reference using a
microplate reader (Tecan Group, Männedorf, Switzerland).

4.4. Statistics

Individual values are presented as scatter plots. Lines represent the mean with SEM.
To compare patient characteristics of the decreasing and increasing RNase 1 level groups,
as well as RNase 1 serum levels on day two/one and day four/week one, unpaired t-tests
were used. To assess the association between 28-day mortality (death/survival) and RNase
1 serum levels in the increasing and decreasing groups at each time point, one-way ANOVA
was used. For each point in time, a simple linear regression was applied to assess the
association between the outcome variables serum creatinine level and creatinine clearance
with RNase 1 serum levels.

5. Limitation/Conclusions

Our study is limited by the different time points at which RNase 1 levels were deter-
mined in the two cohorts. In Cohort A, the RNase 1 levels were measured on days 2 and 4,
and in Cohort B, the RNase levels were measured on day 1 and week 1, making it difficult
to compare the two cohorts. Further investigation in a larger cohort in which RNase 1
serum levels are measured at multiple time points over a week should be performed to
confirm our data. In addition, our measurements were limited to serum RNase 1 levels;
measurement of RNase activity and determination of serum eRNA concentration would
strengthen the results reported here.

In conclusion, we showed that a higher mortality rate was observed in patients with
SARS-CoV-2 infection in patients with increasing RNase 1 levels from time point one to
two. Moreover, in this study, we found significant positive correlations of serum RNase
1 levels with several biomarkers associated with renal injury in the increasing group of
Cohort A. Additionally, at days 5 and 14, we measured significantly higher SOFA scores in
the increasing group. Based on these results, there is now good evidence that increasing
RNase 1 serum levels may play a role in renal dysfunction associated with COVID-19 and
that increasing RNase 1 serum levels may be a potential biomarker to predict outcome in
ICU patients with SARS-Cov-2 infection. However, more studies are needed to identify the
underlying mechanisms.
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Abstract: Since the first description of COVID-19 infection, among clinical manifestations of the
disease, including fever, dyspnea, cough, and fatigue, it was observed a high incidence of throm-
boembolic events potentially evolving towards acute respiratory distress syndrome (ARDS) and
COVID-19-associated-coagulopathy (CAC). The hypercoagulation state is based on an interaction
between thrombosis and inflammation. The so-called CAC represents a key aspect in the genesis of
organ damage from SARS-CoV-2. The prothrombotic status of COVID-19 can be explained by the
increase in coagulation levels of D-dimer, lymphocytes, fibrinogen, interleukin 6 (IL-6), and prothrom-
bin time. Several mechanisms have been hypothesized to explain this hypercoagulable process such
as inflammatory cytokine storm, platelet activation, endothelial dysfunction, and stasis for a long
time. The purpose of this narrative review is to provide an overview of the current knowledge on the
pathogenic mechanisms of coagulopathy that may characterize COVID-19 infection and inform on
new areas of research. New vascular therapeutic strategies are also reviewed.

Keywords: COVID-19 infection; coagulopathy; endothelial dysfunction; platelet activation; citokine
storm; anticoagulant therapy

1. Background

At the end of December 2019, a novel coronavirus, denominated SARS-CoV-2 accord-
ing to the similarity with the previous SARS viral epidemy, was described for the first
time in China, and in March 2020, it was declared a global pandemic by the WORLD
Health Organization (WHO) due to high morbidity and mortality. Italy was one of the
most affected countries at the beginning of the infection spreading [1]. The disease caused
by this virus was denominated Coronavirus disease 2019 (COVID-19) which still represents
a critical challenge for the worldwide health community despite the reduction in mortality
following the global vaccination campaign. To date, there have been more than 762 million
confirmed cases of COVID-19 infection, including almost 6.8 million deaths reported to
WHO, while a total of 13,340,275,493 vaccine doses have been administered [2]. Among
the wide range of SARS-CoV-2 clinical manifestations (cough, fever, pharyngodynia, myo-
arthralgia, fatigue), a respiratory tract involvement has been observed, potentially evolving
with pneumonia, acute respiratory distress syndrome (ARDS), hyperinflammation, and
COVID-19-associated-coagulopathy [3–5]. The hypercoagulable state is strongly associ-
ated with COVID-19 infection and may explain several phenomena observed in clinical
practice. Since the beginning of the pandemic, a very high incidence of thrombo-embolic
events was observed including arterial and venous thrombosis, cerebral and myocardial
infarction, limb arterial thrombosis, and venous thrombosis leading to a higher incidence
of stroke, acute coronary syndrome and myocardial infarction, venous thromboembolism
(VTE) and pulmonary thromboembolism (PTE) [6–11]. Pathophysiological characteristics
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of acute pulmonary thromboembolism [12] and abnormal coagulation status [13] have been
reported in these patients. Additional important laboratory findings such as high levels of
D-dimer, as well as fibrinogen (FIB) and its related degradation products (FDP), have been
correlated with a poorer outcome [13–15]. In patients who died from COVID-19 infection,
microthrombosis of alveolar capillaries was more prevalent (nine times) than in patients
who died from influenza, and about 15.2% to 79% of patients with severe COVID-19 infec-
tion have shown thrombotic events [16]. The involvement of the coagulation cascade and
its abnormalities were previously identified in experimental investigations on mice infected
with SARS-CoV-1 and in human autopsies. These findings suggested the hypothesis of
a diffuse thrombotic microangiopathic mechanism involved in the pathogenesis of acute
pulmonary interstitial disease caused by SARS-CoV-2 infection [17,18]. The prothrombotic
status seems to be caused by immune cell activation, excessive coagulation, and endothelial
dysfunction [19]. Immuno-thrombosis appears to be involved in the pathological mech-
anism of SARS-CoV-2, and it is characterized by the interaction between the hemostatic
system and the innate immune system, especially between monocytes, macrophages, and
neutrophils. After the endocytosis of SARS-CoV-2 in the host cells, vascular damage is
induced, leading to a proinflammatory form of programmed cell death with cell lysis
named “pyroptosis” and the release of various substances, the so-called damage-associated
molecular patterns (DAMPs) such as adenosine triphosphate (ATP), nucleic acids, and
inflammasomes [20], thus intensifying the inflammatory environment. Several mechanisms
have been hypothesized to be involved in this hypercoagulable process such as inflam-
matory cytokine storm, platelet activation, endothelial dysfunction, and stasis for a long
time [11,21,22]. The purpose of this narrative review is to provide an overview of the
current knowledge on the pathogenic mechanisms of coagulopathy that may character-
ize COVID-19 infection and inform on new areas of research. New vascular therapeutic
strategies are also reviewed.

2. Role of Platelets and Complement as Prothrombotic Factors in COVID-19 Infection

Platelets have a pivotal role in the innate immune system by activating the complement,
thus playing a key role in COVID-19 “immune-thrombosis” [23]. The aggregation of
PLT activated by endothelium damage and its interaction with other cells increase their
potential for pathologic thrombosis; their activation is essential to the structural remodeling
of the pulmonary vasculature, inflammation, and cardiovascular disease [24,25]. The
mechanism of platelet activation may include different and multiple pathways even more
complex in COVID-19 infection, as the virus is able to infect cells using several entry
mechanisms such as TLRs and/or the ACE2-AngII axis [26]. The activated endothelial
cells express P-selectin and other adhesion molecules with the recruitment of platelets
and leukocytes. Bioactive molecules (e.g., adenosine diphosphate [ADP], polyphosphates,
coagulation factors) and immunological mediators (e.g., complement factors) are released
from activated platelets, activating the immune system through positive feedback [23].
P-selectin, a platelet activation marker, is increased in patients with COVID-19 and can
lead to a procoagulant phenotype by inducing tissue factor (TF) expression in monocytes.
Moreover, Von Willebrand factor (VWF) is a glycoprotein derived from activated endothelial
cells, platelets, or sub-endothelial cells mediating the adhesion and aggregation of platelets.
In patients affected by COVID-19, VWF is significantly increased and may suggest a
tendency for thrombosis [27]. The activation of the complement system was documented
in COVID-19 with the formation of the terminal membrane attack complex (MAC) that,
in turn, can activate platelets with subsequent endothelial damage and the secretion of
VWF [28]. For this reason, the complement activation is associated with an amplification
of the prothrombotic phenotype in COVID-19. In fact, C5a can stimulate the release of TF
and plasminogen activator inhibitor-1 (PAI-1) expression and activate neutrophils, which
are responsible for the increased release of cytokines and the formation of neutrophil
extracellular traps (NETs) [29].
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3. Role of Hypoxia, Blood Viscosity, and Vasoconstriction as Prothrombotic Factors in
COVID-19 Infection

Hypoxia may represent itself as a factor inducing a prothrombotic status in patients
with SARS-CoV-2 infection with the production of a hypoxia-inducible transcription factor
(HIF-1α), which promotes the secretion of PAI-1 (plasminogen activator inhibitor) and
macrophages by the endothelium. On the other hand, the mechanisms of altered coag-
ulation are responsible for hypoxia that, in turn, favors the thrombo-inflammatory loop.
Furthermore, hypoxia causes a release of cytokines such as tumor necrosis factor-α (TNF-α)
IL-6 [30], critical inflammatory cytokines with prothrombotic effects. Positive correlations
have been found between IL-6 and D-dimer, especially during the exacerbation of the
disease [31]. Consequently, increased blood viscosity and the release of procoagulant
antibodies develop [32]. Recent studies showed that the appearance of antiphospholipid
antibodies and lupus anticoagulant immunoglobulins may also play a role in the patho-
genesis of coagulopathy. Indeed, the presence of IgA anti-cardiolipin antibodies and IgA
and IgG anti-2-glycoprotein I antibodies have been found in association with coagulopathy,
thrombocytopenia, and the development of peripheral and cerebral ischemic events. Harza-
llah and coworkers [33] investigated 56 patients with confirmed or suspected SARS-CoV-2
infection. Among these, 25 were found to be lupus anticoagulant immunoglobulin, while
5 were found positive for IgM or IgG anti-cardiolipin or anti-2-glycoprotein I antibodies.
Endothelial dysfunction is characterized by the loss of characteristics of endothelial native
cells such as the ability to regulate vascular tonus which may conduce to vasoconstriction
and, subsequently, a prothrombotic status. Moreover, the down-regulation of the endothe-
lial ACE2 receptor as a consequence of SARS-CoV-2 infection gives a pro-inflammatory,
pro-coagulant, and pro-apoptotic phenotype to endothelial cells [34].

4. Interlink between Coagulation and Inflammation in COVID-19

The so-called COVID-19-associated CAC represents a key aspect in the genesis of
organ damage from SARS-CoV-2 and the hypercoagulation state is based on an interaction
between thrombosis and inflammation. A close relationship between inflammation and
coagulation has been widely demonstrated in previous research [35,36]. The coagulation
system consists of a finely regulated balance between procoagulant and anticoagulant
mechanisms and inflammation can compromise this equilibrium, leading to impaired
coagulation. As a result, the final clinical consequence of inflammatory conditions may
consist of bleeding, thrombosis, or both of them [37]. Pathogens, inflammatory mediators
such as IL-6, IL-8, and TNF-α, as well as DAMPs from injured host tissue can activate
monocytes and induce the expression of tissue factors on monocytes and endothelial cell
surfaces [38] (Figure 1).
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Figure 1. Schematic representation of endothelium activation towards a pro-thrombotic status.
Pathogens and inflammatory mediators from injured host tissue activate monocytes and induce
the expression of tissue factors on monocytes and endothelial cell surfaces. Subsequently, activated
monocytes release inflammatory cytokines and chemokines amplifying the inflammatory response
and stimulating vascular endothelial cells changing their properties to a procoagulant state. NETs:
neutrophil extracellular traps; TNFα: tumor necrosis factor-alpha; IFNγ: interferon-gamma; MCP-1:
monocyte chemotactic protein-1; IL: interleukin.
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Subsequently, activated monocytes release inflammatory cytokines and chemokines
that enlarge the inflammatory response and stimulate neutrophils, lymphocytes, platelets,
and vascular endothelial cells. Healthy endothelial cells have an anti-thrombogenic at-
titude due to the expression of glycocalyx and its binding protein, antithrombin. When
endothelial cells go through injury, the glycocalyx is disrupted, the anticoagulant factors
are lost, and, consequently, these cells change their properties to procoagulant [39]. Fur-
thermore, neutrophils are also involved in an important defense mechanism that may lead
to a procoagulant status by means of NETs. NETs are structures of DNA, histones, and
neutrophil antimicrobial proteins that bind and kill pathogens. The excessive production
of NETs can facilitate microthrombosis by creating a scaffold for platelet aggregation [40].
When an infection occurs, the first leukocytes recruited are neutrophils that, producing
and releasing NETs, stimulate the formation and deposition of fibrin to trap and destroy
invading microorganisms. It has been previously demonstrated that NETs increase in sepsis
and inflammatory conditions [41]. NETs also cause platelet adhesion, and, in some experi-
mental models, their connection with deep vein thrombosis has been demonstrated [40].
They stimulate both the extrinsic and intrinsic coagulation pathways playing a major
role in a coagulative pattern during infection-mediated inflammation. Patients with se-
vere COVID-19 have been shown to present elevated levels of circulating histones and
myeloperoxidase DNA (MPO-DNA) which are two specific markers of NETs [42]. As a
consequence of the described mechanisms, an extreme inflammatory response may also
occur, causing disseminated intravascular coagulation (DIC), which leads to multiple organ
failure. This life-threatening acquired syndrome is characterized by the disseminated and
often uncontrolled activation of coagulation and is associated with a high risk of macro-
and microvascular thrombosis. In this setting, natural coagulation inhibitors also become
inefficient in downregulating thrombin generation. Moreover, progressive consumption
coagulopathy can be observed which leads to an increased bleeding risk [43]. Other clin-
ical manifestations of the altered coagulation system are hemolytic uremic syndrome,
idiopathic thrombocytopenic purpura, thrombotic thrombocytopenic purpura [44], and
hemophagocytic lymphohistiocytosis (sHLH). Globally, all of this evidence suggests that
the hypercoagulative state described in patients with COVID-19 is likely to be caused
by a deep and complex inflammatory response to the virus, based on an interaction be-
tween thrombosis and inflammation as shown in Figure 2. Another important interlink
between inflammation and pro-thrombotic status is represented by underlying clinical
conditions such as chronic comorbidities that are linked to mortality in COVID-19 infection.
In particular, obesity has been shown to increase the risk of hospitalization and COVID-
19 complications [45] suggesting an interplay between obesity and inflammation. The
adipose tissue, in fact, expresses higher ACE2 levels than lung tissue, being a powerful
inflammatory reservoir for the replication of SARS-CoV-2 [46]. In addition, obese peo-
ple are characterized by low-grade inflammation, associated with the over-expression of
pro-inflammatory cytokines and chemokines such as TNF-α, IL-6, and MCP-1, high leptin
levels with known pro-inflammatory effects, low adiponectin levels with anti-inflammatory
effects, and, consequently, a procoagulant status. It has been calculated that one-third of
total circulating concentrations of IL-6 originate from adipose tissue [47]. In addition, obese
patients show higher blood IL-6 and TNF-α levels and a polarization of natural killer (NK)
cells to non-cytotoxic NK cells. As both obesity and COVID-19 seem to share common
metabolic and inflammatory pathways, it has been recommended by many authors to
consider and classify obese and severely obese patients as high-risk patients for COVID-19.
Additionally, sleep disturbances during pandemics have been suggested to be related to
a major risk of infection linked to increased inflammatory status and a reduction in the
efficiency of the immune system [48]. An interesting linkage was found between sleep
deprivation, inflammation, and immune response to SARS-CoV-2 that may have a role in
predisposing to the infection [49].
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Figure 2. Schematic representation of the interlink between inflammatory and thrombotic mecha-
nisms after COVID-19 infection.

5. Interlink between Coagulopathy in Viral Infections and in COVID-19

Since the beginning of the pandemic, a very high incidence of thrombo-embolic events
(VTE) was observed. The hypercoagulative state, described in patients with COVID-19
derives from a complex inflammatory response to the virus in which hemostasis and the
immune system collaborate together to limit the spread of viral infection. Physiological im-
mune thrombosis can evolve into an excessive, dysregulated formation of immunologically
mediated thrombi and spread, especially in the microcirculation. Several viral infections
may share abnormal coagulation processes such as bleeding, thrombosis, or both.

5.1. Thrombosis

The increased incidence of VTE in COVID-19 patients was similar also in patients
with other viral infections, i.e., severe acute respiratory syndrome (SARS) and Middle East
Respiratory Syndrome (MERS-CoV) [50,51]. H1N1 influenza infection is associated with
an 18-fold increased risk of developing VTE when compared to critically ill patients with
ARDS with no H1N1 influenza infection [6]. A previous study by Avnon et al. found that
VTE occurred in 25% of patients with severe H1N1 influenza admitted to the intensive care
unit (ICU) [52]. Particular evidence for thromboembolic events was also reported during
cytomegalovirus (CMV) infection in which two arterial thrombotic events were described
in nine Israelitic immunocompetent CMV-infected patients (spleen and liver) [53]. The
pathophysiological mechanism is yet unknown but it seems to be related to higher levels of
VWF in the plasma of CMV-infected people [54]. It is likely that the SARS-CoV-2 virus does
not have intrinsic procoagulant effects, while coagulopathy appears as a consequence of the
intense COVID-19 inflammatory response and endothelial activation/damage [55]. Two
possible mechanisms implicated in the pathogenesis of coagulation dysfunction during
SARS-CoV2 infection have been proposed: the cytokine storm which seems to play a
pivotal role, and virus-specific mechanisms related to the virus interaction with the renin–
angiotensin system and the fibrinolytic pathway [56].

5.1.1. Cytokine Storm

Pro-inflammatory cytokines are involved in a so-called “cytokine release syndrome”
responsible for the innate immune system activation and severe clinical manifestation of the
disease [57]. Immune system dysfunction is a candidate risk factor for adverse outcomes in
COVID-19, and the most important cause of morbidity and mortality in patients suffering
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from COVID-19 infection seems to be the cytokine storm causing an immune dysregulation
in the peripheral tissues and in the lungs [58] (p. 2), refs. [57,59–62]. More specifically,
IL-6 plays an important role in cytokine release syndrome and contributes, together with
TNF-α and interleukin-1 (IL-1), to blood hyper-coagulability and to severe inflammation,
sometimes evolving in disseminated intravascular coagulation (DIC) [63] Figure 3.

Figure 3. Effects of the inflammatory response to COVID-19 infection with cytokine release syndrome
and dysregulation of the immune system with the final effect of a hyper-coagulative state. DAMPs:
damage-associated molecular patterns.

Current evidence from clinical studies shows that IL-6 seems to play a prominent role
in the cytokine-induced activation of coagulation. Additionally, IL-6 promotes the prolifera-
tion of megakaryocytes [64] and the release of TF, the latter detected in inflamed tissues and
in particular in the lungs of patients affected by COVID-19 [65]. A postulated mechanism
considers that SARS-CoV-2-infected megakaryocytes may interfere with platelet function
and count, as already described in previous studies that reported thrombocytopenia during
SARS-CoV infection. The virus induces the release of cytokines such as IL-6 conducting
to megakaryocytic proliferation and differentiation, although the mechanism remains not
completely clarified [66,67].

Furthermore, vascular permeability is mediated by IL-6 through the stimulation of
vascular endothelial growth factor (VEGF) secretion and the release of other coagulation
factors such as FIB and factor VIII [68]. There was a great effort during the pandemic to
find inflammatory markers reflecting disease severity and eventually predicting disease
prognosis. Among the most studied, increased levels of a pivotal serum cytokine, IL-1,
which is a principal source of tissue damage interacting in both innate and acquired
immunity, have been detected in patients suffering from severe COVID-19 infection. IL-1
stimulates the secretion of mediators stored in the granules of mast cells and macrophages,
such as TNF-α, IL-6, and the release of arachidonic acid products such as prostaglandins
and thromboxane A2 [69–72]. Another important marker in the cytokine network of
COVID-19 infection is IL-18. The catastrophic clinical course of COVID-19 shares similar
features with macrophage activation syndrome (MAS) encountered also in other conditions
with a potentially rapidly fatal course without treatment. IL-1, IL-6, IL-8, IL-10, IL-18,
interferon (IFN)-γ, and TNF-α are the most important elements responsible for MAS
development. IL-18 is produced by macrophages at very early stages of viral infections
and induces the production of IL-6 and IFN-γ which are considered critical for optimal
viral host defense. A study by Satis and coworkers observed a four-fold level of IL-18
in 58 people suffering from a severe form of COVID-19. These findings contrasted with
the mildly affected patients and led to the conclusion of a correlation between IL-18 and
the severity of the disease [73]. An additional role is determined by TNF-α, responsible
for the activation of glucuronidases, which degrades the endothelial glycocalyx, and the
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upregulation of hyaluronic acid synthase 2, which leads to hyaluronic acid deposition and
fluid retention [74]. Due to the systemic hypoxia induced by COVID-19-related ARDS,
a reduction in endothelial nitric oxide synthase activity and nitric oxide levels has been
indicated as a possible pathogenic process typical of endothelial dysfunction [75].

5.1.2. Virus-Specific Mechanisms

Experiments in vitro demonstrated that SARS-CoV2 can infect primary endothelial
cells [76] and there is some evidence of the infection of endothelial cells in severe cases
of COVID-19 [11]. Moreover, the replication within endothelial cells is able to induce cell
death causing the activation of procoagulant reactions [77]. The membrane glycoprotein
(Spike) of the SARS-CoV-2 virus interacts with Angiotensin-Converting Enzyme 2 (ACE-2),
an integral membrane receptor expressed in the lung but also the heart, kidney, and intes-
tine by reducing their activity. Normally, ACE-2 reduces the availability of angiotensin
II through the counter-regulated activity of ACE [78]. As a result, the virus-mediated
engagement of ACE-2 decreases its expression and activates the renin-angiotensin system
(RAS), promoting the activation of epithelial cells, monocytes, neutrophils, and procoag-
ulant factors with platelet adhesion and aggregation, and consequent vasoconstriction
and release of inflammatory cytokines [79], as well as a reduction in fibrinolytic activity
mediated by RAS, can be observed [80] as represented in Figure 4.

Figure 4. Imbalance between coagulation and fibrinolysis: the effects of SARS-CoV2. (a). Physiologi-
cally, ACE-2 reduces the availability of angiotensin II with no effects on coagulation and fibrinolysis.
(b). SARS-CoV2 reducing ACE-2 availability, which increases the level of angiotensin II and the PAI-1
and favors the activation of the coagulation system. ACE-2: angiotensin-converting enzyme 2, PAI-1:
plasminogen activator inhibitor 1.

The RAS may play a key role in SARS-CoV-2-induced COVID-19 [81]. The downreg-
ulation of ACE-2 by the virus causes an increase in angiotensin II, which, acting on the
AT1 receptor, causes systemic injury [82] but also specific lung damage with pulmonary
fibrosis, pulmonary inflammation, and ARDS in severe cases of COVID-19 [83]. ACE-2
is markedly expressed in pneumocytes type II, hence participating in alveolar surfactant
production. The downregulation of ACE-2 receptors due to the binding of coronavirus
might hinder the expression of pneumocytes type II cells, explaining the worsening of
gaseous exchange [84,85]. Overall, the interaction of coronavirus with ACE-2 receptors
is destructive due to increased inflammatory lesions, the downregulation of ACE-2 re-
ceptors, increased local angiotensin II effects and AT1 receptor over-activity, insufficient
surfactant due to bruised pneumocytes type II causing a reduction in pulmonary com-
pliance and amplified surface tension, and a reduction in the generation and repair of
pneumocytes type I with impaired gaseous exchange along with alveolar–capillary diffu-
sion capacity and fibrosis [86]. Moreover, a different impact of SARS-CoV-2 expression on
ACE-2 may be due to gender-related dissimilarities, with the ACE-2 gene existing in the
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X-chromosome [87]. The wide variances in COVID-19 death rates might be explained by
significant alterations in the equilibrium of the ACE:ACE-2 system associated with gender,
racial, and age differences in genetic ACE and ACE-2 polymorphism and environmental
aspects manipulating ACE-2 expression [88–90]. In addition, the severity of lung injury
is linked with the expression of ACE. ALI was less complicated in complete knockout
(Acee/e) mice and AT1 receptor knockout mice compared to partial ACE knockout (Ace./e)
mice and wild-type mice, respectively. The injection of recombinant SARS spike protein
along with AT1 blockers elevated the expression of angiotensin II leading to ARDS in
mice [91]. Thus, understanding the role of the ACE-2 receptor in the pathogenesis of
COVID-19 may open a potential approach for therapeutic intervention [92].

Among virus-related mechanisms, high levels of PAI-1, the principal inhibitor of
fibrinolysis interfering with tissue plasminogen activator (tPA) and urokinase, have been
related to an increased risk of thromboembolic events [80]. Interestingly, previous studies
reported high blood levels of PAI-1 in patients with SARS-CoV infection suggesting a
possible direct effect of infection on the production of anti-coagulant factors [93]. One study
described an important increase in another mediator of platelet adhesion, platelet-derived
vitronectin (VN), in SARS-CoV pneumonia; however, it was not possible to discriminate its
origin from increased expression by the liver or from lung damage [94]. Another possible
virus-specific effect could be related to the induction of autoimmunity, also described
in SARS patients [37]. Recent studies showed that the appearance of antiphospholipid
antibodies and lupus anticoagulant immunoglobulins may have a role in the pathogen-
esis of coagulopathy. Indeed, the presence of IgA anti-cardiolipin antibodies and IgA
and IgG anti-2-glycoprotein I antibodies have been found in association with coagulopa-
thy, thrombocytopenia, and the development of peripheral and cerebral ischemic events.
Antiphospholipid antibodies (aPL), recognized as risk factors for arterial and venous
thrombosis, have been associated with different viral infections, such as parvovirus B19,
herpes viruses, hepatitis viruses, and human immunodeficiency viruses. The first case
report of a COVID-19 patient with aPL and arterial ischemia was described by Chinese
authors [95], although, subsequently, a larger, multicentric cohort demonstrated a low rate
of aPL positivity, as defined by classification criteria, suggesting that aPL found in COVID-
19 patients is different from aPL found in antiphospholipid syndrome [96]. It is likely that
the mechanisms of altered coagulation due to SARS-CoV-2 infection, also responsible for
hypoxia, may in turn favor the thrombo-inflammatory loop and consequently increased
blood viscosity and the release of procoagulant antibodies [32]. These observations were
confirmed by a study by Harzallah and coworkers investigating 56 patients with confirmed
or suspected SARS-CoV-2 infection. Among these, 25 were found with lupus anticoagu-
lant immunoglobulin, whereas 5 were found positive for IgM or IgG anti-cardiolipin or
anti-2-glycoprotein I antibodies [33]. Further studies are needed to address this issue.

5.2. Thrombocytopenia

COVID-19-related coagulopathy firstly determines elevated D-dimer levels that com-
bine in turn with mildly prolonged PT, APTT, and mild thrombocytopenia. At late stages,
this process evolves into a classical DIC [97]. These findings were identified in the clinical
setting in a meta-analysis where 7.613 patients suffering from COVID-19 infection were
examined. In this cohort, thrombocytopenia was worse in the critically ill group than in
those with non-severe disease [98]. Additionally, the platelet count was lower in the elderly,
in males, and in patients with higher APACHE II scores at admission [99]. This study
highlights an association between low platelet counts and an increased risk of severity
of the disease and mortality. As per SARS-CoV-2-infection-related thrombocytopenia, it
appears that the platelets can be more rapidly removed or sequestrated by the reticuloen-
dothelial system after the activation of antigen–antibody complexes [100,101]. Additionally,
the megakaryocyte’s function and the consequent platelet production can be reduced by
the virus activity [102]. A possible mechanism of thrombocytopenia was described after
COVID-19 vaccination. It was observed in rare cases that immune thrombotic thrombocy-
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topenia (VITT) syndrome was induced by the vaccine, particularly the ChAdOx1 nCoV-19
vaccine. The main pathogenetic hypothesis supporting this evidence is the possible pro-
motion of antibody synthesis against PF4 by some anti-COVID vaccines promoting the
synthesis of antibodies against PF4 that provoke platelets’ massive activation, inducing
immune thrombotic thrombocytopenia [103]. As anti-PF4 antibodies were detected in
patients with VITT, the current guidelines recommend a PF4-heparin ELISA blood test
before performing a vaccine when VITT is clinically suspected [104]. The risk of clotting in
the general population is estimated to be around 1:250,000, although it is higher in young
people (20–29 years old) at 1.1:100,000 [105].

6. Contribution of Sepsis in Coagulopathy during COVID-19 Infection

Sepsis is a life-threatening condition as a response to a primary infection in which the
body responds with extreme inflammatory reactions that create injuries in one’s own tissues
and organs. On the other hand, severe COVID-19 infection is commonly complicated with
coagulopathy, and, in the latter stages, may evolve towards a classical DIC. These manifes-
tations were an object of major concern during the COVID-19 pandemic. The International
Society of Thrombosis and Hemostasis (ISTH) has proposed a new category to identify an
early stage of DIC associated with sepsis called sepsis-induced coagulopathy (SIC). Many
patients suffering from severe COVID-19 meet the Third International Consensus Defini-
tions for Sepsis (Sepsis-3) [106] manifesting respiratory dysfunction during a viral infection.
The diagnostic criteria of SIC are summarized in Table 1. A score ≥ 4 is diagnostic for SIC.
This score can also be applied to COVID-19-affected patients to identify a coagulopathy risk
induced by the virus, although it is less reliable than in other pathogen-induced infections
as, in this case, especially during the initial stages of the disease, thrombocytopenia cannot
be present. One study by Tang et al. studied the effects of anticoagulant treatment to
validate the usefulness [107,108] of the SIC score, finding that patients who met the criteria
reported in Table 1 benefit from anticoagulant therapy [12].

Table 1. Sepsis-induced coagulopathy (SIC) score. ISTH score.

Item Value Score

SOFA score 1
≥2

1
2
≥4

PT-INR 1.2–1.4
>1.4

1
2

Platelet count (×mm3)
100,000–150,000

<100,000
1
2

INR: international normalized ratio; PT: prothrombin time; SOFA: sequential organ failure assessment.

Coagulation Biomarkers in SARS-CoV-2 Infection: A Predictive Method

In the setting of the altered coagulation state, the measurements of the coagulative
parameters may orient the clinicians toward the early identification of a coagulative de-
rangement. Besides the D-dimer, as above mentioned, other parameters are of bedside
interest (Table 2). Increased levels of thrombin–antithrombin complexes, plasmin-alpha-
2-antiplasmin, and thrombomodulin complexes have been reported in respiratory tract
infections. Increased PAI-1 serum levels were identified, suggesting impaired fibrinolysis.
A study [15] highlighted an alteration of the laboratory parameters deponent for DIC
(according to the diagnostic criteria of the ISTH) in 15 subjects (71.4%) who died of COVID-
19-related pneumopathy. In the final stage of the disease, elevated levels of D-dimer and
FIB degradation products were found. Recent contributions have reported that COVID-19
severity could be associated with some coagulopathy biomarkers, including prothrombin
time (PT), activated partial thromboplastin time (APTT), and D-dimer. Nevertheless, the
association between coagulopathy and COVID-19 severity still remains undefined.
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Table 2. Increasing coagulation and inflammatory biomarkers.

Coagulation biomarkers D-dimer, PLT, PT, APTT, FIB
Inflammatory biomarkers ESR, CRP, Serum ferritin, PCT, IL-2, IL-6, IL8, IL10

Platelets (PLT), prothrombin time (PT), activated partial thromboplastin time (APTT), fibrinogen (FIB), erythrocyte
sedimentation rate (ESR), C-reactive protein (CRP), procalcitonin (PCT), and interleukin (IL).

The severity of the condition is mostly associated with clinical evidence (Table 3). In
particular, one study [109] demonstrated that the majority of patients developed a mild
infection, and about 15% of them experienced a severe manifestation with dyspnea and
hypoxia. Another 5% developed respiratory failure in conjunction with ARDS, shock, and
multi-organ dysfunction. Many studies have focused on the evaluation of D-dimer, PLT,
PT, APTT, and FIB. It was reported that D-dimer and PT values have been shown to be
higher in patients with more severe disease [110]; moreover, several studies have shown
that elevated D-dimer levels are associated with in-hospital mortality. Recent research
studies have hypothesized that genetic profiles may partly explain individual differences
in developing thrombotic complications during COVID-19 infection. An interesting study
evaluated the genotypic distribution of targeted DNA polymorphisms in COVID-19 com-
plicated by pulmonary embolism during hospitalization, finding significant associations
between higher D-dimer levels and ACE I/D and APOE T158C polymorphism in patients
with and without pulmonary embolism, suggesting a potentially useful marker of poor
clinical outcomes [111]. Previous data showed a higher prevalence of ACE D/D geno-
type in severe COVID-19 patients compared to those with mild disease; this genotype is
significantly associated with cardiometabolic diseases and obesity, known risk factors for
COVID-19 [112–115]. Additionally, this genotype was associated with thrombo-embolic
manifestations in patients affected by other diseases and traditional thrombophilia-related
polymorphisms [116], increased venous thromboembolism risk [117,118], and endothelial
damage with hypercoagulability in patients with arterial hypertension [119]. The APOE
locus has been associated with increased vulnerability to severe COVID-19 mortality, espe-
cially for the APOE4 homozygous genotype [120] which is the strongest genetic risk factor
for sporadic Alzheimer’s disease. This appears to be very important from a clinical point
of view as recent data show that dementia can predict the severity of COVID-19 infection.
In fact, patients with dementia are more exposed to the severe form of the infection and
are more likely to require hospitalization and to have severe sequelae or fatal outcomes
compared with patients who do not [5,121]. Finally, the racial variance of ACE I/D geno-
type polymorphism seems to be correlated with different outcomes during COVID-19
infection; in fact, populations with higher D allele frequency (e.g., Italian) experienced
higher fatality [122]. In another meta-analysis, it was demonstrated that the platelet count
decreased progressively with the degree of disease severity [123]. However, a previous
meta-analysis [124] demonstrated that there were no differences in PLT and APTT levels
between wild and severe cases. All this is probably due to the confounding factors and
biases that inevitably occur, such as age, sex, and the presence of comorbidities such as
hypertension, diabetes, cardiovascular disease, and chronic kidney disease of the examined
populations. As reported in another study by Wu et al., mortality from severe COVID-19
was increased 34-fold compared to a normal infection [125] and very high levels of co-
agulation markers were correlated with an 11-fold increase in death. These observations
underline the importance of the early stratification of disease severity.
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Table 3. Incidence of thrombotic events in patients with SARS-CoV-2 infections.

Study Sample Size
Thrombotic Event

Reported
Confirmatory Diagnostic

Test
Incidence

Klok et al. [8] N = 184 ICU patients Venous arterial
thrombosis CTPA or Ultrasound 31%

Leonard-Lorant et al. [126] N = 106 (48 ICU and
58 non-ICU) Acute PE CTPA

30% of all COVID-19
patients developed PE

irrespective of ICU status

Helms et al. [9] N = 150 ICU patients Clinically significant
thrombosis CTPA 43%

Wichmann et al. [127] N = 12 (5 ICU and 7
non-ICU) DVT Autopsy

58% of all COVID-19
patients autopsied had

evidence of PE,
irrespective of ICU status

N = 156 non-ICU patients DVT Ultrasound 15%

Nahum et al. [128] N = 34 ICU patients DVT Ultrasound 79%

Middeldorp et al. [129] N = 198 (123 non-ICU and
75 ICU) VTE in non-ICU vs. ICU Ultrasound 9.2% in non-ICU vs.

59% in ICU

Shah et al. [130] N = 187 (182 non-ICU and
5 ICU) Acute PE CTPA 23%

Cui et al. [131] N = 81 non-ICU DVT Ultrasound 25%

ICU, intensive care unit; CTPA, computed tomography pulmonary angiogram; DVT, deep vein thrombosis; PE,
pulmonary embolism; VTE, venous thromboembolism.

7. New Clinical Evidence of Anticoagulant Therapy in COVID-19

Data on anticoagulant therapy appear to be associated with a better outcome in
moderate-to-severe COVID-19 patients with altered coagulative parameters (elevated D-
dimer, elevated FIB, and low levels of anti-thrombin) [13,14,132]. A retrospective study
by Shi et al. showed that these treatments can mitigate cytokine storm exerting an anti-
inflammatory effect (reduction in IL-6 and increase in lymphocytes) and improving coag-
ulation dysfunction [133]. A number of substances are used for COVID-19 VTE such as
heparins, direct oral anticoagulants (DOAK), aggregation inhibitors, factor XII inhibitors,
thrombolytic agents, anti-complement, anti-NET drugs, and IL-1 receptor antagonists.

Heparins, including unfractionated heparin (UFH) and low-molecular-weight heparin
(LMWH), have several anti-coagulant and anti-inflammatory effects [134]. Among the
various properties of heparin, a beneficial effect on endothelium has been observed. Dys-
functional endothelium leads to an inflammatory status through the production of vasocon-
strictor factors and the recruitment of immune cells [135]. Histones released from damaged
cells may be responsible for endothelial injury [136]. Heparin exerts its action through an
effect on histone methylation and MAPK and NF-κB signaling pathways [137]. In this way,
heparin can antagonize histones and therefore “protect” the endothelium [29,30]. It was
proved to have a beneficial effect related to its anticoagulant function on COVID-19 [138]
and anti-inflammatory properties [139]. The proposed mechanisms include binding to
inflammatory cytokines, the inhibition of neutrophil chemotaxis and leukocyte migration,
the neutralization of complement factor C5a, the sequestration of acute-phase proteins such
as P-selectin and L-selectin, and the induction of cell apoptosis through the TNF-α and
NF-κB pathways [140,141]. Another potential direct antiviral role of heparin is related to
its polyanionic properties allowing it to bind to various proteins thus acting as an effective
inhibitor of viral adhesion [142]. This condition mechanism was also described in other
viral diseases [142,143] as well as in SARS-CoV. As Mycroft-West et al. [144] demonstrated,
surface plasmon resonance and circular dichroism were used, and it was demonstrated that
the receptor binding domain of the Spike S1 SARS-CoV-2 protein interacts with heparin.
In a report by Tang [15], a favorable outcome was highlighted with the use of LMWHs in
severe patients with COVID-19 who meet the criteria of SCI (sepsis-induced coagulopathy)
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or with markedly elevated D-dimer. A large, retrospective multicentric study among in-
hospital patients (the CORIST study) showed that heparin treatment was associated with
lower mortality, particularly in severely ill COVID-19 patients and in those with strong
coagulation activation [145]. Moreover, research conducted in the neurorehabilitation
department of a neuroscience referral hospital following neurological damage showed,
despite a small number of patients, that hospitalized, vulnerable, patients with severe
neurological damage can present a completely unexpected benign disease course of SARS-
CoV-2 infection after heparin treatment. The anti-inflammatory and anticoagulant effects
of enoxaparin administered much earlier before and during the infection, together with
possible antiviral activity, could explain the favorable disease course observed in severe
neurological patients with an increased risk of poor outcomes. Further research is needed
to explore the possible mechanisms of action of enoxaparin in critical neurological patients
with COVID-19 and confirm these observations [146].

However, several studies could not identify this relationship. As demonstrated by C.
Coligher et al. in a randomized control trial, in critically ill patients with COVID-19, an
initial strategy of therapeutic-dose anticoagulation with heparin failed to show a greater
probability of survival to hospital discharge or a major number of days free of cardiovascu-
lar or respiratory organ support than usual-care pharmacologic thromboprophylaxis [147].
Interim results from multiplatform RCTs on VTE prophylaxis show that in moderate
COVID-19 (hospitalized, not intensive), therapeutic doses of LMWH appear to be bet-
ter than prophylactic doses, with positive effects on morbidity and mortality and less
than 2% severe bleeding [148]. In patients at low or intermediate risk of thrombotic phe-
nomena, treatment with prophylactic doses of LMWH has been noticed to produce a
concomitant reduction in developing severe ARDS and venous thromboembolism, which
may reduce the need for mechanical ventilation and consequentially lower cardiovascular
death [149]. Treatment with heparin did not improve the course of severe COVID-19
and it seems to be inferior to prophylactic doses. The first observational cohort study
examined previous prophylactic anticoagulation versus no anticoagulation in hospitalized
COVID-19 patients (not intensive). Early treatment with prophylactic heparin was associ-
ated with a 34% reduction in relative 30-day mortality risk and an absolute risk reduction
of 4.4%. There was no increased risk of bleeding under prophylactic anticoagulation [150].
Guidelines of medical societies currently recommend VTE prophylaxis, preferably with
LMWH, for every inpatient COVID-19 patient [151]. The guidelines do not recommend
VTE prophylaxis for COVID-19 outpatients. Prophylactic anticoagulation for 1–2 weeks
is recommended by some guidelines in patients discharged from hospitals if there are
additional risk factors [152]. Globally, the use of heparin is recommended, but it needs to
be titrated against the risk of bleeding and individualized, especially in patients affected
by pre-existing endothelial dysfunction (diabetes, hypertension, obesity) at higher risk
of adverse outcomes during COVID-19 infection [153]. Additionally, antiplatelets have
been considered an antithrombotic treatment for COVID-19, even though the rationale
for aspirin use in COVID-19 is still uncertain. A recent review [154] recommends a low-
dose aspirin regimen for the primary prevention of arterial thromboembolism in patients
aged 40–70 with intermediate or high atherosclerotic cardiovascular risk and a low risk
of bleeding. This opens a perspective on aspirin’s protective role in COVID-19 with as-
sociated lung injury and vascular thrombosis even in the absence of previously known
cardiovascular disease.

The contact activation system, including factor XII (FXII), factor XI (FXI), high-molecular-
weight kininogen, and prekallikrein, links inflammation and coagulation, triggering throm-
bin generation which promotes platelet activation but also upregulates the kallikrein–
kinin system (KKS) which induces the renin–angiotensin system with the release of pro-
inflammatory cytokines [155]. The inhibition of contact activation has been shown, es-
pecially in animal models, to prevent consumptive coagulopathy, pathologic systemic
inflammatory response, and mortality [156]. Direct FXa inhibitors have been already shown
to possess an inflammatory and antiviral effect in addition to their well-established anti-
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coagulant activity, and they have been proposed to have a potential therapeutic role in
coronavirus infections [157]. FXI activation by virtue of its position as an interface between
contact activation and thrombin generation has been suggested as a unique and promising
target to safely prevent or treat COVID-19-related inflammatory complications including
cytokine response and coagulopathy, hence reducing associated mortality, and, evidence
from recent research suggests that the inhibition of FXIa seems to attenuate thrombosis
with little effect on hemostasis and may also have a potential role on infections [158].
Direct inhibitors of FXIa using small peptidomimetic molecules, monoclonal antibodies,
aptamers, or natural inhibitors have been developed in recent years [159]. Preclinical data
and rationale exist for preventing the activation of FXI and FXII preserving the hemostatic
activity of FXI in COVID-19, and several inhibitors of FXII and FXI are currently under
investigation [158] representing a promising therapeutic target against COVID-19 patients
with severe disease.

As soon as the data from the RCTs are available, the therapy and prophylaxis recom-
mendations will certainly be adapted and reissued.

8. Closing Remarks

COVID-19 can be considered a systemic disease characterized by the dysregulation of
the immune system and a hypercoagulable status, a consequence of direct virus-induced
endothelial damage, amplified by the leukocyte- and cytokine-mediated activation of the
platelets, the release of TF, and NETosis and intensified by the activation of the complement
system. The strong activation of the immune system by the SARS-CoV-2 infection leads
to a non-regulatable thrombosis, which can present with many microthrombi in micro-
vascularization, VTE, and arterial events. Coagulopathy is a crucial aspect of the disease,
and its early identification, prevention, and treatment may limit its evolution towards
potentially irreversible pulmonary and systemic conditions. Scientific evidence suggests
that coagulopathy is not to be considered only as a disease complication but may be a
real primitive pathogenetic element of SARS-CoV-2 infection. An important issue still to
be addressed is long COVID, which is a common condition in patients who have been
infected with SARS-CoV-2, regardless of the severity of the acute illness. A recent systematic
review with metanalysis [160] found that most symptoms such as neurological symptoms,
respiratory conditions, mobility impairment disorders with decreased exercise tolerance,
heart conditions (palpitations), and general signs and symptoms, i.e., fatigue may be
present with different frequencies, and the incidence is higher in females and increases
with age. Among significant abnormalities identified through biochemical laboratory
testing are increased levels of ferritin, C-reactive protein, and D-dimer [161]. Moreover,
persistent dysfunctions of the immune response, with the chronic activation of T and
B lymphocytes [162] and the presence of long-term immune system perturbations and
autoimmunity [163] have been observed. The chronic low pro-inflammatory status has been
related to endothelial and vascular alterations with a cytotoxic immune response towards
endothelium [164]. Endothelium activation represents a significant risk of developing
cardiovascular diseases for several months following infection. Recently, it was suggested
the need to approach long COVID with non-pharmacological treatments, such as promoting
physical activity [165]. The current knowledge of long COVID-19, though, does not allow
stratifying patients into clusters that surely will benefit from exercise or have significant
side effects. A better investigation of biomarkers modulated by exercise in long COVID-19
patients could be helpful to this end. Recent data from the literature also seem to suggest a
favorable prognostic effect of anticoagulant treatment with low-molecular-weight heparin
in patients with COVID-19 manifestations. The latter aspect is particularly pertinent in
patients with cardiovascular and/or neurological diseases, obesity, or diabetes because
they have a higher risk of developing vascular thrombosis. In conclusion, however, we
underline that available data concerning anticoagulant treatment in COVID-19 are not
completely supported by several randomized trials, and, therefore, there is an objective
difficulty in choosing the most indicated therapy, which justifies a real advantage of a
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full-dose anticoagulant treatment in patients with severe disease, considering the potential
risk of bleeding increase.
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Abstract: At the beginning of the COVID-19 pandemic, patients with primary and secondary im-
mune disorders—including patients suffering from cancer—were generally regarded as a high-risk
population in terms of COVID-19 disease severity and mortality. By now, scientific evidence indicates
that there is substantial heterogeneity regarding the vulnerability towards COVID-19 in patients
with immune disorders. In this review, we aimed to summarize the current knowledge about the
effect of coexistent immune disorders on COVID-19 disease severity and vaccination response. In this
context, we also regarded cancer as a secondary immune disorder. While patients with hematological
malignancies displayed lower seroconversion rates after vaccination in some studies, a majority of
cancer patients’ risk factors for severe COVID-19 disease were either inherent (such as metastatic or
progressive disease) or comparable to the general population (age, male gender and comorbidities
such as kidney or liver disease). A deeper understanding is needed to better define patient subgroups
at a higher risk for severe COVID-19 disease courses. At the same time, immune disorders as func-
tional disease models offer further insights into the role of specific immune cells and cytokines when
orchestrating the immune response towards SARS-CoV-2 infection. Longitudinal serological studies
are urgently needed to determine the extent and the duration of SARS-CoV-2 immunity in the general
population, as well as immune-compromised and oncological patients.

Keywords: COVID-19; SARS-CoV-2; disorder of immunity; cancer

1. Introduction

COVID-19 infection is a complex and heterogeneous disease, with the host response
crucially determining its course: during the early phase of an infection, there is a sub-
stantial production of type 1 interferons, generated at the tissue level by infected as well
as surrounding cells [1]. At the same time, SARS-CoV-2 infection can block type 1 inter-
feron signaling in macrophages and dendritic cells [2,3]. Moreover, decreased interferon
production—caused for instance by defects in Toll-like receptors (TLRs)—was linked to
critically ill COVID-19 patients. Similar clinical courses were observed in patients with
alterations in interferon receptors—leading to defective interferon sensing [4,5]. In line
with this disease model, Bastard et al. discovered autoantibodies against type 1 interferon,
which again hindered sufficient antiviral cellular signaling, in patients suffering from severe
COVID-19 disease [4,6]. In general, these traits point towards a crucial role of interferon in
preventing severe COVID-10 disease [7].
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The cytokine production is usually maintained in the first week, when the virus repli-
cates and the most overt clinical symptoms usually appear; next, the antibody production
phase takes place together with the expansion of the T-cell compartment. During a viral
infection, the peak in T-cell expansion usually occurs about a week from the infection. Con-
sequently, inflammatory mediators are key drivers of COVID-19-related morbidity [1,8].
The knowledge that the cytokines’ role is chiefly driving organ damage was what largely
prompted the drug targeting. Commonly, the peripheral blood levels of cytokines are
considered trustworthy in reflecting the immune response. Nonetheless, Daamen et al.
provided evidence to warrant caution: chemokines and cytokines in peripheral blood
differed significantly from those obtained from autoptic lung tissues and bronchoalveolar
lavage [9]. This is unlikely to be limited to SARS-CoV-2 and will prompt additional research
to map personalized and site-specific patients’ immunomes in infections [10,11]. In this
frame of mind, an unbiased immunophenotyping analysis revealed a selective clustering
of individuals with severe COVID-19 courses [12].

It is possible to draw some distinctions based on the severity of the disease. T-cell
activation, DR expression and monocytes are critical; significant differences were found
in T-cell activation and MHC DR expression, as well as in the effector memory T-cell
population (effector memory T cells re-expresses CD45RA, dubbed TEMRA) [12]. Many
studies have investigated the role of immunity in COVID-19 [13–17]. Seminal findings
revealed that monocytes correlate with symptoms, with CD169+-activated monocytes
lacking in healthy controls [18]. The researchers also discovered a gamma interferon
signature (high expression in patients with severe COVID-19 courses), that successfully
distinguished patients based on their prognosis.

Furthermore, conditions associated with poor outcomes in COVID-19 appear to be
associated with general risk factors, such as type 2 diabetes, obesity and COPD; it is worth
noting that these are traditional markers of poor outcomes in almost any severe disease.
Aside from organ transplantation, nothing has been discovered to identify the immune
system’s state as a major determinant [19]. Chronic inflammation is associated with kidney
disease, diabetes and obesity, but these conditions do not result in immunosuppression [20].
Nonetheless, age is the single greatest risk factor for mortality and hospitalization, and
immunosenescence represents an intriguing scenario for future research.

Because ACE2 and TMPRSS2 variants and expression can be candidates for gender
and country differences in COVID-19 severity, host genetics is also important in COVID-
19 [20,21]. There are two susceptibility loci for severe COVID-19 with respiratory failure [21].
Nonetheless, we review the current evidence pointing to novel aspects of immune-related
conditions that may influence the outcome of SARS-CoV-2 infections (Figure 1).

Figure 1. Higher age and a poor adaptive and humoral immune response as determinants of COVID-
19 disease severity. Young patients and individuals with sufficient T-cell-based and humoral immune
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response (left side) usually have self-limiting disease courses. In contrast, older patients and individ-
uals with a limited immune response (right side) have a significantly worse prognosis in terms of
COVID-19 outcome. Th: T helper cell; CTL: Cytotoxic T lymphocyte; Ab: Antibody.

2. Immunity, Immune Aging and COVID-19

2.1. Immune Response against SARS-CoV-2

Although infection with SARS-CoV-2 was expected to activate the host’s immune
response, data on this specific trait were initially scarce [22,23]. While SARS-CoV-2 in-
fection results in both humoral and cellular immunity [24], the T-cell response does not
differ significantly between mild and severe forms. Cross-reactions have been reported in
unexposed subjects, most likely due to non-SARS-CoV-2 coronaviruses [24]. Compared to
seronegative counterparts, seropositive individuals are significantly more protected against
infection. Thus, the strong sequence homology and structural similarity with SARS-CoV-1
initially supported genetic and structural modelling, revealing an epitope-level similarity
prediction. Despite being slightly less effective than mRNA vaccines (95%) [25–27], the
humoral defense is protective against the virus in much the same way as the adenovirus-
vectored vaccine (70%).

A test designed to determine which pieces of SARS-CoV-2 are recognized by the
immune system was supported by CD4+ and CD8+ epitopes predicted to play signifi-
cant roles in SARS-CoV-2 [22]. Specific analysis of SARS-CoV-2 human CD4 and CD8
T-cell epitope data proved 1400 additional SARS-CoV-2 epitopes and suggested different
immunodominant regions of the virus as well as more commonly recognized epitopes.

T-cell and antibody responses in COVID-19 cases appear to be orchestrated by two
main principles: in most humans, SARS-CoV-2 causes acute infections that resolve or
cure. Both antibodies and T cells are important in modulating humoral responses, human
vaccines and protecting against the virus [26]. A better understanding of SARS-CoV-2
T-cell and antibody adaptive responses prompted further investigation, leading to the
measurement of SARS-CoV-2 immunity while identifying epitope pools detecting CD4+
in 100% and CD8+ T cells in 70% of convalescent COVID-19 patients. Furthermore, T-cell
responses were discovered to be focused not only on the spike protein but also on M, N
and other ORFs [28,29]. Additional details on the impact of different viral strains on the
described groups would be informative in understanding disease severity and patient
outcomes. For instance, recent studies have highlighted the importance of considering
the viral strain in the context of COVID-19 prognosis. One study found that patients
infected with the B.1.1.7 (Alpha) variant had a higher risk of hospitalization and death
compared to patients infected with the original strain. Another study found that the
B.1.351 (Beta) variant was associated with an increased risk of reinfection in patients who
had previously recovered from COVID-19. Therefore, further research on the impact
of different viral strains on disease severity and patient outcomes is needed to develop
effective treatment strategies [30,31].

Of note, T-cell reactivity to SARS-CoV-2 epitopes has also been observed in non-
exposed individuals [23]. In acute COVID-19 cases, disease severity correlates with adap-
tive immunity to SARS-CoV-2 underlining that a coordinated immune response is protective
against the virus. T cells appear to be the major contributors to controlling SARS-CoV-2
infection. As the first line of defense against pathogens, the innate immune system plays a
crucial role in combatting this novel virus. To better understand the interaction between
SARS-CoV-2 and the human innate immune system, a conceptual framework is needed to
link clinical observations with experimental findings from the first year of the pandemic. It
has been observed that variations in innate immune system components among individuals
contribute significantly to the diverse disease courses seen in COVID-19. Therefore, under-
standing the pathophysiological mechanisms of the cells and soluble mediators involved
in innate immunity is essential to develop effective diagnostic markers and therapeutic
strategies for COVID-19. However, more research is needed to establish the causality of
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events, which is currently lacking [32]. Several pathophysiological mechanisms of the
innate immune system are involved in COVID-19. One of the most prominent mechanisms
is the overactivation of the immune response, leading to a cytokine storm, which can cause
severe damage to the lungs and other organs. This overactivation of the immune response
can also result in the infiltration of immune cells, such as macrophages and neutrophils,
into the lungs, leading to inflammation and tissue damage. Moreover, it has been observed
that the innate immune system detects viral RNA through pattern recognition receptors,
such as Toll-like receptors (TLRs) and retinoic acid-inducible gene 1 (RIG-I)-like receptors
(RLRs), leading to the production of type I interferons (IFNs). However, SARS-CoV-2 can
evade the innate immune system by inhibiting the production of type I IFNs, leading to
uncontrolled viral replication and dissemination. In addition, there is evidence to suggest
that the complement system, which is part of the innate immune system, is activated
in COVID-19. Activation of the complement system can lead to the recruitment of im-
mune cells, including neutrophils and macrophages, to the site of infection, contributing
to inflammation and tissue damage. Furthermore, recent studies have suggested that the
innate immune system may also play a role in the long-term effects of COVID-19, such as
persistent fatigue and cognitive impairment. It has been proposed that the innate immune
system may contribute to these long-term effects by inducing chronic inflammation and
oxidative stress. Overall, a better understanding of the pathophysiological mechanisms
involved in the innate immune system’s response to SARS-CoV-2 is essential to develop
effective diagnostic markers and therapeutic strategies for COVID-19 [33,33,34].

The adaptive immune system has three branches in its arsenal against the virus, but
there is no strong evidence of a causal negative association between adaptive immunity and
disease severity. Conversely, age is a major COVID-19 risk factor, and adaptive immunity
shortcomings seem to be part of the dysfunctional response when poorly coordinated T-cell
responses and limited naïve T cells are in place [35].

When considering the immune system ageing, we primarily consider T cells and
thymic involution. The naive T-cell compartment contracts, thymus cells acquire senescent
characteristics and some expanded oligoclonal T-cell populations are exhausted [36]. These
phenomena also include herpes virus infections and susceptibility to bacteria [37]. The
myeloid compartment also ages, as Lissner et al. demonstrated ex vivo and in vitro [38].
The authors used the Listeria monocytogenes infection as a model to assess the impact of a
patient’s age on the course of the disease.

Listeria infection is usually insignificant in most young adults. However, after the
age of 80, the risk of stroke and poor outcome increases significantly [38,39]: in vitro,
baseline differences in the monocyte response to listeria were significant between older and
younger adults. Without any prior stimulation, older adults were already overproducing
inflammatory cytokines. This specific trait has also been confirmed in bulk and single-cell
analysis of PTX3 expression in COVID-19 patients’ peripheral blood and lung tissue [40].
Regarding the six-hour time point, older adults had a longer persistence of inflammation in
their monocytes. This finding sparked several investigations, including COVID-19 studies,
into the myeloid compartment [37]. Corticosteroids are thus the foundation of therapeutic
strategies to reduce mortality in clinical settings of COVID-19 respiratory failure. The
discovery that age can influence immunological fitness prompted further research in a
broader field typically associated with immunodeficiency and immune dysregulation.

T cells have been shown to contribute to a better outcome in SARS-CoV-2 infections
with lower viral loads [41] and play an important role in the immune response [37]. In the
monkey model, CD8+ T cells provide control. Individuals with agammaglobulinemia and B
cell deficiency have a moderately increased risk of hospitalization. Moreover, COVID-19 is
mostly mild in people with multiple sclerosis who take ocrelizumab (an antiCD20 antibody).
In contrast, in the absence of detectable neutralizing antibodies, one single dose of Moderna
or Pfizer vaccine provided substantial protection in most individuals [42]. Following that,
researchers hope to determine how long SARS-CoV-2 immunological memory lasts. Dan
et al. conducted an extensive analysis, highlighting significant immune memory in most
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individuals 8 months post-COVID-19 infection. Memory kinetics differ between T cells,
memory B cells and antibodies. Immune memory is complex and heterogeneous, with an
estimated half-life with a wide confidence interval due to COVID-19 heterogeneity and
approximately 5% of individuals having low-level immune memory at 6 months [43].

2.2. Lessons from HIV Infection

The T-cell count has been discovered to be important in viral load control and infection
eradication [44]. However, the first study on COVID-19-infected HIV patients from Spain
found no significant difference between mild, moderate and severe courses due to HIV-
related T-cell count. In large HIV cohorts, there were no differences in hospitalization
rates, either. There was no dependence on T-cell count, specifically CD4+ T-cell count:
Ho et al. reported a slightly higher rate of inflammatory cytokines but no differences in
hospitalization in HIV-positive versus HIV-negative COVID-19 patients, and they were
unable to identify a T-cell count that conferred an increased risk [45]. HIV infection, on the
other hand, has been linked to a twofold increase in the risk of death in COVID-19-infected
individuals in another study [46]. As a result, it is attractive to speculate that there is a
disease spectrum associated with HIV viral load, immunosuppression, hospitalized cases
and tuberculosis exposure that could explain clinical heterogeneity. Finally, HIV does not
appear to be a major risk factor for highly aggressive COVID-19 courses, establishing a
pathobiological stage in which T cells do not lead to disease aggressiveness. However,
the frailty of this population subgroup prompted further research into vaccination and its
prioritization for vulnerable patient subgroups.

Many studies have investigated the impact of HIV on COVID-19 outcomes and have
suggested that the close monitoring of immune status and viral load, as well as adjustments
to HIV treatment regimens, may be necessary for optimal management of COVID-19 in HIV-
positive individuals. Additionally, early and aggressive treatment with antiviral therapy
and corticosteroids has improved outcomes in COVID-19 patients, including those with
HIV. COVID-19 vaccines are also recommended for HIV-positive individuals, although
more research is needed to fully understand their safety and efficacy in this population.
Finally, psychological and social support services are important considerations for HIV-
positive individuals with COVID-19, as they may face unique challenges related to social
isolation and stigma [47].

2.3. Vaccination and Immunity

The underlying trained innate immunity represents a significant breakthrough in COVID-
19 prevention [48,49]. SARS-CoV-2 infection was tracked prospectively in 3720 healthcare
workers who received two doses of the BNT162b2 vaccine between January 18 and March
31, 2021, with data collected until May 10, 2021. In subjects with symptoms suggestive
of SARS-CoV-2 infection or contact with an infected subject, nasopharyngeal swabs were
collected and tested for SARS-CoV-2 RNA positivity [25]. Surprisingly, subjects who
had previously been infected and then vaccinated, thus receiving triple exposure to viral
antigens, could benefit from a 50% risk reduction. All SARS-CoV-2-exposed subjects had a
sustained level of SARS-CoV-2 neutralizing antibodies against all variants tested [25,50].
Significant responses to 25 mcg of Moderna mRNA-1273 vaccination spike were observed,
as were RBD IgG antibody responses lasting up to 7 months [51]. A significant response
has also been reported at various time points, higher at day 43 compared to day 15 and
lasting up to day 209 [51].

CD4+ and CD8+ T cells exhibited similar behavior. The quality and duration of
vaccination responses with various vaccine platforms have also been studied. Moderna,
Pfizer, Johnson & Johnson, AstraZeneca and Novavax have all been tested for their ability
to establish and maintain immune responses over time [52,53]. This will be useful in
determining the magnitude and duration of vaccine-induced immunity, as well as in
comparing different vaccine platforms in terms of responses induced by each other and
in comparison to natural infection. Furthermore, this will help future vaccine designers
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determine when and if a booster is needed, as well as develop dose-sparing strategies [54].
Tarke et al. identified 280 different CD4+ restricted epitopes in this frame of mind (dominant
epitopes are highly promiscuous, with implications for population coverage). They also
discovered 523 distinct CD8+ epitopes, each recognizing multiple epitopes and antigens,
yielding a conservative estimate of 15–20 epitopes recognized per donor, with important
implications for viral immune escape [55].

3. Immune Dysregulation and Severity of COVID-19 Infection

3.1. COVID-19 in Patients with Cancer—Clinical Data, Risk Factors and Vaccination Response

When researchers examined factors contributing to COVID-19 mortality in European
cancer patients, they discovered that onco-hematological pathologies, metastasis and addi-
tional comorbidities were risk factors for developing the severe disease [56]. Nonetheless,
the retrospective nature of the available data significantly affected its quality. Furthermore,
survival from symptom onset in hospitals was not influenced by a cancer diagnosis per se
but rather by suboptimal ICU measures used on cancer subjects versus non-oncologists
used on COVID-19 patients also suffering from cancer compared to COVID-19 patients
without cancer [57]. Table 1 summarizes the available evidence on this topic.

Table 1. Available data obtained from SARS-CoV-2 infection and cancer.

Study N, Neoplasms Type Risk Factors of Severe Outcome

China, Hubei [56] 205, mixed Retrospective Hematological tumors, chemo <4 weeks,
metastatic disease progression

China, Wuhan [57] 232, mixed Case-matched control Advanced stage, ECOG, older patients

China, Wuhan [58] 28, mixed Retrospective Antineoplastic tx <2 weeks, CT
patchy consolidation

France, Paris [59] 76, breast cancer Prospective registry Hypertension, older age

France, Lyon [60] 302, mixed Retrospective Male gender, ECOG, PD cancer

CCC19 (USA, Canada, Spain) [61] 928, mixed Crowdsourcing Age, male gender, NCDs, ECOG, PD
cancer, smoking

TERAVOLT [62] 200, thoracic cancer Crowdsourcing Smoking

US, NYC [63] 20, childhood cancer Retrospective No increased risk of infection vs.
non-cancer patients

US, NYC [64] 334, mixed Case-matched control Older age

Kuderer et al. defined factors associated with COVID-19 mortality in cancer patients,
describing a not significant increase in risk for non-cytotoxic therapy (targeted agents,
endocrine therapy, immunotherapy, radiation). At the same time, they confirmed increased
mortality for subjects with hemato-oncological conditions, the elderly, and patients with co-
morbid conditions [61,65]. Large studies were initiated to examine iatrogenic immunosup-
pression, which surprisingly excluded an additional risk conferred by active chemotherapy
for COVID-19 hospitalization severity or mortality. Indeed, a larger study by Kuderer et al.
identified progressive disease as a risk factor for COVID-related mortality [61]. The authors’
findings are consistent with the CDC’s risk stratification for mortality [19]. Nonetheless,
they discovered that, besides already known secondary effects [66], immune checkpoint
inhibitor-based therapies are linked to an increased risk of mortality and disease severity.
Remarkably, chemotherapy did not affect prognosis in this study [61].

Regarding humoral and cellular immunity, cancer patients are no exception to the
general concept of vaccine responsiveness [67]. Passive immunization is also an option for
subjects with ineffective vaccine responses [68]. In COVID-19 cancer patients, older age,
the number of comorbidities, ECOG PS ≥2, active cancer and chemotherapy alone or in
combination all increase the risk of death.
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There is very little information available on the antibody responses against SARS-CoV-
2 in cancer patients. The first prospective multicenter observational study evaluated the
antibody response in cancer patients and oncology healthcare workers with confirmed or
clinically suspected COVID-19 [69], demonstrating that cancer patients infected with SARS-
CoV-2 have IgG antibody responses comparable to subjects not suffering from cancer. SARS-
CoV-2 laboratory testing that is both timely and accurate is critical in managing COVID-19.
Combining antibody testing and RT-PCR on swab specimens may improve COVID-19
detection [69]. This evidence was corroborated by Kamar et al., who discovered that three
doses of an mRNA COVID-19 vaccine were effective in organ transplant recipients [70].

A prospective, multicenter cohort study conducted in 2022 aimed to compare the
spike IgG seropositivity rate in blood samples from 776 cancer patients and 715 non-cancer
volunteers following inactive SARS-CoV-2 vaccination. The cancer patient group had a
seropositivity rate of 85.2%, while the control group had a rate of 97.5%. Cancer patients not
only had a significantly lower seropositivity rate but also lower antibody levels (p < 0.001).
Finally, lower seropositivity in cancer patients was associated with age and chemotherapy
(p < 0.001) [71].

A study from 2021 aimed to assess the SARS-CoV2 IgG seroprevalence in 74 older
patients (aged ≥ 80 years) with cancer one month after receiving the second dose of the
BNT162b2 vaccine. While median serum IgG levels in older cancer patients were lower
compared to control (2396.10 AU/mL vs. 8737.49 AU/mL; p < 0.0001), this study still was
the first to describe a positive immune response in this vulnerable patient subgroup [72]. A
2022 meta-analysis, on the other hand, looked at factors predicting poor seroconversion in
5499 cancer patients. The authors discovered that age, male gender and metastatic disease
were associated with a lower seropositivity after COVID-19 vaccination. Additionally asso-
ciated with seropositivity were immunoglobulin heavy chain variable mutation status and
high concentrations of IgG, IgM and IgA. Regarding cancer treatment strategies, anti-CD20
therapy within the last 12 months and chemotherapy were found to be negatively associ-
ated with seroconversion. These findings suggested that improved vaccination strategies
would be beneficial for the elderly, males or patients receiving active chemotherapy and
that prevention should be prioritized even after a full course of vaccination [73]. Another
recent study examined COVID-19 vaccine uptake trends in 579 sequential cancer patients
previously infected with SARS-CoV-2. Specifically, older age and female sex were signifi-
cantly associated with higher vaccine uptake in univariate and multivariate models (age
(OR = 1.18, p < 0.001), and female sex (OR = 1.80, p = 0.003), respectively) [74].

Notably, the aim of Mai et al.‘s systematic review and meta-analysis was to determine
the proportion of non-responders to COVID-19 primary vaccination in 849 patients with
hematological cancer and 82 patients with solid cancer who seroconverted after a booster
dose. Seroconversion occurred in 44% of patients with hematological malignancies, while
a significantly higher seroconversion (80%) was observed among solid tumor patients.
Higher antibody titers were found to be significantly associated with an increased duration
between the second and third dose (OR = 1.02, p ≤ 0.05), patient age (OR = 0.960, p ≤ 0.05)
and cancer type. Therefore, administering a COVID-19 vaccine booster dose improved
seroconversion and antibody levels. Patients with solid cancer consistently responded
better to booster vaccines than patients with hematological cancer [75].

Another recent systematic review and meta-analysis of 28 articles assessed the efficacy
and safety of COVID-19 vaccines in patients with active malignancies. In contrast to the
previous meta-analysis, they discovered higher overall seroconversion rates of 70% and 88%
in patients with solid tumors and hematologic malignancies, respectively, after receiving a
second dose of the COVID-19 vaccine [76].

In particular, a recent study compared the development of neutralizing antibodies
against SARS-CoV-2 in non-vaccinated patients with multiple myeloma (MM) and COVID-
19 to patients who received two doses of the BNT162b2 vaccine, most likely due to im-
munoparesis [77,78]. Patients with MM and COVID-19 had a better humoral response than
vaccinated patients with MM. COVID-19-positive patients had a higher median neutraliz-
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ing antibodies titer than vaccinated patients (87.6% vs. 58.7%; p = 0.01). However, there
was no difference in neutralizing antibody production between COVID-19-positive and
vaccinated patients who did not receive treatment (p = 0.14). As a result, it was suggested
by the authors that vaccinated patients with MM on treatment who have not previously
received a COVID-19 infection should be considered for booster vaccination [79].

There is little information in the literature about the levels of autoantibodies in patients
with paraneoplastic syndromes and whether these autoantibodies could interfere with the
vaccine response in any fashion.

Immunologic self-tolerance defects increase the risk of paraneoplastic autoimmune
diseases and immune-mediated toxicity, which have been examined in patients with thymic
epithelial tumors. Common COVID-19 vaccine adverse events among 54 participants in a
2021 US study included injection site pain, fatigue and headaches [80]. Among the 19 pa-
tients previously been diagnosed with paraneoplastic autoimmune disease, 3 experienced
autoimmune flares after the first dose, and 3 experienced autoimmune flares after the
second dose. The majority of paraneoplastic autoimmune disease flares were mild and self-
limiting. Following vaccination, one patient (2%) was diagnosed with a new paraneoplastic
autoimmune disease. As a result, the overall tolerability of COVID-19 mRNA vaccines in
patients with thymic tumors was comparable to that of the general population [78,79].

Prioritizing these populations who will benefit the most from SARS-CoV-2 vaccination
and thus have a positive impact on the pandemic’s trajectory is critical. Patients with
cancer, immunological disorders and close contacts should be prioritized. Customizing
vaccination schedules could be one approach to developing more effective health policies
based on evidence-based data. Alternative vaccine schedules are not insignificant, and
they frequently affect vaccine efficacy. Similarly, adjusting the schedules to account for the
risk of severe COVID-19 outcomes, as well as individuals’ ability to mount and sustain an
immune response, is critical [81,82].

3.2. Immune Dysregulation and Severity of COVID-19 Infection

Researchers also investigated the potential contribution of systemic autoimmune
disease (SAD) to COVID-19 disease severity. For this, they investigated the prognostic
impact of SAD on COVID-19 mortality in a nationwide Spanish registry study performed
before the introduction of SARS-CoV-2 vaccination. The presence of SAD in COVID-
19 patients was generally associated with higher mortality. However, after adjusting
for patient characteristics and comorbidities, SAD did not have a statistically significant
effect on mortality [83]. While case-control studies did not confirm an isolated effect of
autoimmune disease on COVID-19 severity, further population-based studies implied
higher mortality in SAD patients—with advanced age, male gender and comorbidities
again being the relevant predictive factors [84].

The use of biologics and other immunosuppressive therapies has been a concern
during the COVID-19 pandemic, as it was initially believed that these treatments could
increase the risk of severe disease. However, studies have shown that the risk factors
for COVID-19 hospitalization are similar in patients receiving biologics compared to the
general population [85]. Treatment with biologics has not been found to affect the severity of
COVID-19 [6,86]. In some cases, patients with COVID-19 were found to have autoantibodies
to type I interferons, which can contribute to uncontrolled inflammation and worsen
disease severity [1,5,6,16]. In patients with autoimmune diseases, the use of biologics
and other immunosuppressive therapies is common. However, it is important to balance
the need for disease control with the potential risk of infection. A study by Haberman
et al. found that treatment with TNF inhibitors, IL-17 inhibitors, IL-23 inhibitors, IL-12
inhibitors and JAK inhibitors did not increase the risk of COVID-19 severity [87]. These
cytokine inhibitors may even be beneficial in preventing endothelial toxicities and systemic
complications associated with COVID-19 [87,88]. While iatrogenic immunosuppression
can increase the risk of infection, it is also important to consider the potential role of
autoimmunity and uncontrolled inflammation in COVID-19 severity. Inflammation and
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immunity play important roles in medicine, including the systemic inflammatory chronic
state [89]. Therefore, interception of autoimmunity and uncontrolled inflammation may be
a potential therapeutic strategy for severe COVID-19 cases [5,90,91].

Recent studies have also shown that the IL-31/IL-33 axis plays an essential role in the
immune response against SARS-CoV-2. In particular, the axis is involved in the regulation
of cytokine production and immune cell activation [92]. Therefore, further research is
needed to investigate the potential therapeutic targets for COVID-19 using IL-31/IL-33
axis modulation. Understanding the immune response to SARS-CoV-2 in different patient
populations, including cancer patients and those with immune deficiencies, is critical in
developing effective treatment strategies. The impact of different viral strains on disease
severity and patient outcomes should also be considered. The IL-31/IL-33 axis has emerged
as a key player in the immune response against SARS-CoV-2, and further research is needed
to fully understand its potential as a therapeutic target for COVID-19 [93]. In summary,
while the use of biologics and other immunosuppressive therapies was a concern during
the COVID-19 pandemic, studies have shown that these treatments do not increase the
risk of COVID-19 severity. Additionally, in patients with autoimmune diseases, cytokine
inhibitors may even be beneficial in preventing complications associated with COVID-19.
The potential role of autoimmunity and uncontrolled inflammation in COVID-19 severity
highlights the importance of considering these factors in therapeutic strategies. More
research is needed to better understand the complex interaction between SAD and COVID-
19—this is also reflected by the recent discovery of SAD—and cancer-specific antinuclear
antibodies in COVID-19 patients [94]. Moreover, Böröcz et al. recently reported compound-
dependent expression levels of natural autoantibodies after COVID-19 vaccination [95].

The discovery of inborn errors in type I IFN immunity in patients with life-threatening
COVID-19 paved the way for further research in this area [5]. Inborn errors of immunity are
an archetypical field that should be further investigated in terms of patient care and a better
understanding of the host defense against SARS-CoV-2. Despite emphasizing the lack
of high-quality evidence, the CDC lists primary immune deficiencies as a risk factor [19].
Immune deficiencies are listed as comorbid conditions in three large studies, but they are
not further defined, and there is a lack of pre-specified iatrogenic immune-compromising
conditions [96]. Focusing on B cells, Quinti et al. began with a small cohort of seven patients
with antibody deficiency—two patients had agammaglobulinemia with no B cells, and five
patients suffered from common variable immunodeficiency (CVID): one of seven patients
died [97,98]. The two patients with agammaglobulinemia, in the authors’ opinion, had a
better outcome, including a shorter hospital stay, than the patients with CVID [97]. In line
with this, Soresina et al. described two individuals with X-linked agammaglobulinemia, an-
other condition characterized by the absence of B cells; both subjects developed pneumonia
which was presumed to be bacterial but recovered uneventfully and did not seem to have
any evidence of ARDS or any evidence of complications leading to ICU admission [98].

Based on this evidence, it is tempting to conclude that B cells can be harmful, espe-
cially considering additional evidence regarding acalabrutinib intake. Even though the
study was small and uncontrolled, the authors assumed that acalabrutinib was extremely
beneficial in their COVID-19 cohort [99]. Moreover, the authors proposed that the un-
derlying mechanism could be IL-6 monocytic production, with IL-6 levels decreasing in
treated patients [99], as confirmed by in silico analyses [1,100]. Nevertheless, achieving
the statistical power required to corroborate conclusions about inborn errors of immunity
is difficult.

Meyts et al. were the first to describe 94 patients with primary immunodeficiency (PID,
IEI) and coinfection with COVID-19. Specifically, COVID-19 was found in 20–25% of IEI
patients, with 75–80% developing mild SARS-CoV-2 disease [101]. IEIs, in particular, could
predispose patients to more severe forms of COVID-19, with a variable, unpredictable
disease course in cases of antibody deficiency. Overall, 60 patients were hospitalized
with a mortality rate of 11%, comparable to the general population (between 10% and
13%). When comparing the CDC and the Meyts’ cohort mortality rates, it is important
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to compare the age of the patients who died, as well as the per cent mortality: age is the
prognostically most relevant risk factor. The key points highlight a link between age and
clinical phenotype, with young kids being relatively resilient. A two-year-old with a chronic
granulomatous disease that was not diagnosed had hemophagocytic lymphohistiocytosis
and Burkholderia cepacia infection at the time of death; however, we do not know the
precise impact of COVID-19 in this specific case [101]. The second, young combined-
immune deficiency patient died from sepsis and hemophagocytic lymphohistiocytosis [101].
The underlying pathobiology was unclear. Ancillary to these examples, two patients with
antibody deficiency had cardiomyopathy or lymphoma, and two subjects experienced
sepsis, renal failure and heart failure as the ultimate cause of death [101], as published
recently [102–104]. Moreover, two patients with antibody deficiency, lung disease and
heart disease as comorbid conditions died because of sepsis and renal failure, respectively.
Despite this heterogeneous cohort, a proportion of 7% HLH, 6% renal insufficiency and 4%
autoimmune cytopenias are unquestionably higher than in the general population. This
raises the possibility of an increased risk of autoimmune diseases, such as autoimmune
cytopenias and Guillain–Barré neuropathy.

Collectively, we may pave the way for representing two major causes of death, namely
HLH in younger subjects and sepsis or renal failure in older subjects [101]. Buccioli et al.
confirmed these fundings. Indeed, 57% of SCID pre-HSCT and 75% of Good syndrome sub-
jects were admitted to ICU. Subjects with the autoimmune polyendocrine syndrome type 1
(APS) behaved similarly, with 15% mortality [101]. At baseline, APS (APECED) with autoim-
mune polyendocrine syndrome type 1, mucocutaneous candidiasis, hypoparathyroidism
and hypoadrenocorticism appear to neutralize anti-IFN antibodies (alpha or omega). FACT,
rare genetic variants with compromised IFN type I immunity, reduced the production of
TLR3-, MDA5- and APECED activity and reduced the cellular response to STAT1- and
STAT2-signaling [105]. In these circumstances, it appears that a compromised immune
response is the driving force behind more severe forms of COVID-19.

Hypersecretion of IFN-I, on the other hand, causes severe forms of Multisystem
Inflammatory Syndrome in Children (MIS-C), a SOCS1-driven condition [106]. Additionally,
type I IFN appears to be related to pernio (chilblains) severity in COVID-19 [107].

Other IEIs, such as X-linked agammaglobulinemia or states with reduced or absent
B lymphocytes, have a lower ability to eliminate the virus with a longer duration of
infection [108]. In these cases, combining monoclonal antibodies and antiviral drugs can
ensure a good outcome. They are not more severe in other forms of the disease, such as
phagocyte disorders, autoinflammatory diseases and hereditary angioedema.

Furthermore, data from the IPINet network’s 2021 and 2022 studies on a large popula-
tion of Italian subjects with IEI revealed 74 cases of SARS-CoV-2 infection in 1161 patients
with CVID, with an incidence comparable to that of the general adult population. The
cumulative incidence is even lower in the pediatric population [109,110]. In terms of the
severity of the infection in patients with IEI (IPINet, 2021), according to age, subjects
<18 years have a lower incidence of severe symptoms than older subjects, with no deaths
following the infection in patients <30 years.

The mortality rate was higher in Good syndrome and Del 22q11, both associated with
a T-cell defect [109,110]. Four deaths were reported in the adult age group in the IPINet,
with an overall death rate from COVID-19 of 3.5% in IEI vs. 2.5% in the Italian population.
The median age at death in subjects >18 years with IEI was 48 years vs. 80 years in the
Italian population, with a range from 5.7% in CVID to 33% in Good syndrome. Mortality
was also higher in the 50–60-year age group (14.3 vs. 0.6%). Greater comorbidities at a
younger age appear to best distinguish these patients from the general population [109,110].
STAT1 alterations are no exception, potentially posing a life-threatening situation, re-
sulting in bone marrow failure and poor outcomes [91,111]. This bone marrow failure
phenotype [90,112–114] seems particularly relevant due to the possibility of targeting the
JAK/STAT pathway in COVID-19 [115].
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The risk factors for increased severity of COVID-19 suggest that a more severe outcome
correlates with the same risk factors seen in the general population, namely the male sex
and associated comorbidities, such as chronic lung disease and chronic liver disease. On
the contrary, rheumatological manifestations would not affect mortality. The same factors
determine the duration of the infection (2 weeks vs. 2–3 months) [116]. This may be a risk
factor for viral spread.

4. Conclusions

The immunocompromised patient is an excellent candidate for an intense clinical
investigation into the relationship between SARS-CoV-2 infection and host defenses. Three
emerging paradigms in cancer treatment prioritization and frailty have a greater impact
on the clinical outcome than cancer-related immune dysfunction. Of note, cancer-related
immune dysfunction did not play a crucial role in COVID-19 disease severity in contrast
to cancer-related frailty. SARS-CoV-2 infection was contracted by 20–25% of subjects with
inborn errors of immunity, with 75–80% having a mild or asymptomatic clinical course.
COVID-19 severity and mortality appear to be associated with comorbidities that manifest
younger than the general population.

Ultimately, the COVID-19 vaccines are safe for cancer patients, but they may be less
effective than in healthy people, especially those with compromised immune systems.
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Abstract: Coronavirus disease 2019 (COVID-19) has spread, with thrombotic complications being
increasingly frequently reported. Although thrombosis is frequently complicated in septic patients,
there are some differences in the thrombosis noted with COVID-19 and that noted with bacterial
infections. The incidence (6–26%) of thrombosis varied among reports in patients with COVID-19; the
incidences of venous thromboembolism and acute arterial thrombosis were 4.8–21.0% and 0.7–3.7%,
respectively. Although disseminated intravascular coagulation (DIC) is frequently associated with
bacterial infections, a few cases of DIC have been reported in association with COVID-19. Fibrin-
related markers, such as D-dimer levels, are extremely high in bacterial infections, whereas soluble
C-type lectin-like receptor 2 (sCLEC-2) levels are high in COVID-19, suggesting that hypercoagulable
and hyperfibrinolytic states are predominant in bacterial infections, whereas hypercoagulable and
hypofibrinolytic states with platelet activation are predominant in COVID-19. Marked platelet
activation, hypercoagulability and hypofibrinolytic states may cause thrombosis in patients with
COVID-19.

Keywords: COVID-19; bacterial infection; thrombosis; platelet activation; sCLEC-2; hypofibri-
nolytic state

1. Introduction

Coronavirus disease 2019 (COVID-19) has spread worldwide from China [1,2], result-
ing in a pandemic [3]. It was previously reported that approximately 2% of patients with
COVID-19 died, and 5–10% developed severe and life-threatening acute respiratory distress
syndrome (ARDS) [4–6], with many more patients developing COVID-19 developing mild
or moderate illness [7,8]. Following the appearance of the omicron variants of COVID-
19 [9], the mortality rate was reduced, but the incidence of infections markedly increased,
resulting in a relative increase in deaths. Therefore the management of complications of
COVID-19 has become increasingly important.

2. Macrothrombotic Complications

The relationship between COVID-19 and thrombosis including venous thromboem-
bolism (VTE) [10], such as pulmonary embolism (PE), and deep vein thrombosis (DVT)
and arterial thrombosis, such as acute cerebral infarction (ACI) [11] and acute coronary
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syndrome (ACS) [12], has attracted attention [13]. On the other hand, many reports on
thrombotic complications, such as disseminated intravascular coagulation (DIC) [14] and
thrombotic microangiopathy (TMA) [15] have been previously reported in severe sepsis
due to bacterial infection. A soluble C-type lectin-like receptor 2 (sCLEC-2) assay has been
recently developed as a biomarker for platelet activation [16–18].

We herein review, based on a large number of reports, the mechanism underlying the
development of thrombosis in COVID-19, which differs from that in bacterial infection.

3. Incidence of Macrothrombotic Complications in COVID-19

There have been many reports on macrothrombosis, such as VTE, ACS and ACI,
in general, and the incidence of all thrombosis has varied substantially (6–26%) among
patients with COVID-19 [19] (Table 1).

3.1. VTE

There have been many systematic reviews and meta-analyses concerning VTE [10,19–21],
and the incidence of VTE, including DVT with PE and DVT, has been reported to vary in
COVID-19. VTE was reportedly found more frequently in patients who were admitted to the
intensive-care unit (ICU) than in those not admitted to the ICU. More than half of COVID-19
patients with PE (57.6%) lacked DVT [20], suggesting that some cases of PE might be caused by
vascular injury instead of embolism. The incidence of VTE was higher when assessed according
to screening or prospective studies [10] and postmortem studies [21] than in retrospective studies.
These findings suggest that the incidence of VTE is high but varies depending on the incidence
and severity of COVID-19, the age and race of patients, and the details of hospitalization and
prophylaxis.

3.2. Arterial Thrombosis

The incidence of arterial thrombosis was low (0.7–3.7%) in overall patients [20,21] and
5% among ICU admissions [21]. The frequency of ACS in patients with COVID-19 was
1.0% in overall patients and 6.0–33.0% in cases of severe disease [12,22]. A review of cardiac
autopsy cases of COVID-19 found that the most common comorbidities were coronary
artery disease (33%) and acute ischemia (8%) [23]. A higher mortality rate among patients
with COVID-19 and ST-segment elevation myocardial infarction (STEMI) was noted in
comparison to previous studies, with reported concerns being late presentation due to fear
of infection, delayed care time, and poor resource allocation [24].

On the neuroimaging of COVID-19 patients, especially critically ill patients, 3.4% of
patients showed COVID-19-related neuroimaging findings [25,26], such as white matter
abnormalities, followed by acute/subacute ischemic infarction and encephalopathy. The
incidence of ACI in patients with COVID-19 is low (0.4–1.3%) [11,26–28]. The risk factors
for ACS and ACI in patients with COVID-19 include old age, hypertension, diabetes
mellitus, coronary artery disease, and severe infection [11,28]. Accurately diagnosing
arterial thrombosis is difficult in COVID-19 patients with critical illnesses and there are no
routine markers for ACI (such as D-dimer for VTE), which suggests that the true incidence
of arterial thrombosis may be increased in COVID-19.

162



Int. J. Mol. Sci. 2023, 24, 7975

Table 1. Pooled incidence and thromboembolism in patients with COVID-19 infections.

ICU+Non-ICU ICU Non-ICU Japan

Pooled incidence (%)
TH 6–26 [19] — — 1.86 [22]
PE 7.1–16.5 [10,20,21] 19.0–24.7 [20,21] 10.5–19.0 [20,21] 0.5 [22]

DVT 12.1–20.0 [10,20,21] 28.0 [21] — 0.7 [22]
VTE 17.0–21.0 [10,21] 4.8–31.0 [10,19,21] 1.5–46.1 [10,19] 1.2 [22]
ACI 0.4–1.3 [11,22,29,30] — — 0.4 [22]
ACS 1.0 [12] 6–33 [23] — 0.1 [22]

TH, thrombosis; PE, pulmonary embolism; DVT, deep vein thrombosis; TE, thromboembolism; ACI, acute cerebral
infarction; ACS. Acute coronary thrombosis, DIC, disseminated intravascular coagulation; COVID-19; coronavirus
disease 2019; ICU, intensive-care unit; Reference [10] Jiménez D et al.: 48 studies with 18,093 patients; [11] Nannoni
S et al.: 61 studies with 108,571 patients; [12] Zhao YH et al.: 2277 articles with 108,571 patients; [19] Cheng
NM et al.: 68 studies; [20] Suh YJ et al.; 27 studies with 3342 patients; [21] Malas MB et al.: 42 studies with 8271
patients; [22] Peiris S et al.: 63 studies; [23] Roshdy A et al.: 316 cases; [26] Kim PH et al.: 17 studies with 1394; [27]
Horiuchi H et al.: one questionnaire with 5807 patients; [28] Qureshi AI et al.: 8163 patients; [29] Xiao, D. et al.:
systemic review. [30] Pepera, G. et al.; systemic review.

3.3. Mortality

The pooled mortality rate among patients with all types of thrombosis was 23%,
while that among patients without any types of thrombosis was 13%. The pooled odds
of mortality were 74% higher among patients who developed thrombosis than among
those who did not [21]. A systematic review of reports on COVID-19 demonstrated that
thrombosis increased the risk of mortality by 161% and the risk of a critical status by
190% [29]. In addition, preexisting cerebrovascular diseases (CVDs) were linked to poor
outcomes and an increased risk of death in patients with COVID-19 [30].

3.4. After Discharge

The incidence of events in patients with COVID-19 after discharge was 1.55% for VTE,
0.45% for acute CVD, 0.49% for ACS, 0.77% for other arterial thromboses and 1.73% for
major bleeding [31]. In an analysis of patients with and without COVID-19, the incidence
of ACI was 1.3% in those with COVID-19 and 1.0% in those without COVID-19, suggesting
that the risk of thrombosis continues after discharge and that the management of comor-
bidities is important for patients with COVID-19. ACI usually occurs in the presence of
other cardiovascular risk factors and is associated with a twofold increase in the risk of
long hospitalization or death in patients with COVID-19 [28].

3.5. Asia including Japan

The incidence of acute CVD in patients with COVID-19 was shown to be higher in Asia
(3.1%) than in Europe (1.1%) and North America (1.1%) [11]. A questionnaire on COVID-
19-related thrombosis in 6202 patients hospitalized in Japan showed that thrombotic events
occurred in 1.86% of the 5807 patients with available data including symptomatic ACI
(0.4%), AMI (0.1%), DVT (0.7%), PE (0.5%), and other thrombotic events (0.4%) [27], sug-
gesting that the frequency of VTE is low in Japan due to the low incidence and severity of
COVID-19 and sufficient prophylaxis with heparin.

3.6. Variety of Severity and Complications of Thrombosis in COVID-19

There are large differences in severity or mortality among the COVID-19 variants.
Furthermore, an increased number of patients causes an increase in severe patients with
COVID-19. The level of the medical system, such as bed numbers for COVID-19, quality of
ICU, medical insurance and medication, can decrease mortality or thrombotic complications.
Although high mortality was observed in 2019, low mortality due to COVID-19 was
observed in 2023. As many factors affect mortality or complications of thrombosis in
patients with COVID-19, the evaluation of thrombosis in COVID-19 should be carefully
performed (Figure 1).
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Figure 1. Variety of severity and complications of thrombosis in COVID-19.

4. Microangiopathy as DIC and TMA in COVID-19 and Other Infections

4.1. DIC

Although the relationship between DIC and COVID-19 has sometimes been reviewed [32],
few systematic reviews have been conducted and the incidence of typical DIC in patients with
COVID-19 was shown to be very low [33]. However, it has been generally reported that DIC
is frequently associated with patients with other infectious diseases, and the incidence of DIC
in other infectious diseases suspected to be bacterial infections is 20–70% [34,35], considering
that the incidence of complications with DIC is higher in patients with bacterial infections
than in those with COVID-19. The outcome of DIC in septic patients is extremely low [14].
There have been many systematic reviews and studies based on big data of the effects of
DIC or sepsis treatments [36,37]. In a recent report that compared COVID-19 to bacterial
infection, the mortality rate was 17.0% in patients with other pneumonia, 16.7% in patients
with sepsis, and 4.3% in patients with COVID-19, suggesting that the mortality rate due to
sepsis is higher than that due to COVID-19 [36]. In addition, thrombosis such as VTE, ACI
or ACS is not frequently detected in patients with bacterial infection [38]. There are many
differences between septic DIC and COVID-19 coagulopathy. In particular, a clot waveform
analysis (CWA) [39] of activated partial thromboplastin time (APTT) showed a large difference
between the two diseases. Significant prolongation of the peak time and a marked reduction
in the peak height of CWA-APTT were observed in patients with overt DIC [40], whereas
moderate prolongation of the peak time and a significant increase in the peak height of
CWA-APTT were observed in patients with COVID-19 coagulopathy [41]. Based on these
findings, a markedly increased peak height suggests hypercoagulability, while a markedly
decreased peak height suggests hypocoagulability (Figure 2). These differences may be caused
by hypofibrinogenemia and hyperfibrinolysis in overt DIC and hypercoagulability induced
by thrombin burst and hypofibrinolysis in COVID-19 coagulopathy.

164



Int. J. Mol. Sci. 2023, 24, 7975

 

 

Figure 2. Difference in the CWA-APTT between COVID-19 coagulopathy with thrombin burst (a)
and overt-DIC (b). CWA, clot waveform analysis; APTT, activated partial thromboplastin time; HV,
healthy volunteer; COVID-19, coronavirus disease 2019; DIC, disseminated intravascular coagulation;
navy line, fibrin formation curve; pink line, 1st derivative curve (velocity); light blue, 2nd derivative
curve (acceleration); solid line, patient; dotted line, HV. A significant reduction in the peak height
suggests bleeding, and a significant increase in the peak height suggest hypercoagulability and
thrombotic risk. FX, activated FX; PLs, phospholipids; FVIIIa, activated FVIII, FVa, activated FV; FIXa,
activated FIX; FXIa, activated FXI. A schematic illustration of thrombin burst in hypercoagulability
with COVID-19.

4.2. TMA

The association with TMA in patients with COVID-19 has been reviewed [42] and
several reports described TMA in patients with COVID-19 [43], with the frequency of TMA
being reported to be 1.0–20% and the outcome of TMA varying but quite poor [15]. TMA
involves Shiga toxin-producing Escherichia coli (STEC)-hemolytic uremic syndrome (HUS),
thrombotic thrombocytopenic purpura (TTP), atypical HUS and secondary HUS [15]. Ac-
quired TTP is caused by the inhibitor for a disintegrin-like and metalloproteinase with
thrombospondin type 1 motifs 13 (ADAMTS13) and aHUS is mainly caused by an heredi-
tary abnormality of compliment regulation.
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As ADAMTS-13 activity and the complement system are not usually examined,
TTP and aHUS may not usually be diagnosed in general hospitals. However, decreased
ADAMTS-13 activity and elevated C5b-9 levels have been reported in patients with COVID-
19 [41,44,45]. The low incidence of TMA may be due to the lack of diagnostic biomarkers
for TMA in clinical use. Elevated sCLEC-2 levels suggest that critically ill patients with
COVID-19 have some degree of microangiopathy [46]. A marked elevation of sCLEC-2
levels was also reported in patients with TMA [17], suggesting the marked activation of
platelets in patients with COVID-19 as well as in patients with TMA. Many critically ill
patients with COVID-19 are also associated with thrombocytopenia, anemia and organ fail-
ure, suggesting that these patients met the diagnostic criteria of TMA [47] and necessitating
further investigation for TMA in patients with COVID-19. COVID-19 complicated with
TMA is expected to increase in frequency going forward.

5. Biomarkers for Thrombosis in COVID-19

5.1. Routine Biomarkers

Although conventional PT and APTT are hemostatic markers and cannot show hy-
percoagulability and thrombotic risk, CWA-APTT and a small amount of TF-induced FIX
activation assay (sTF/FIXa) can show hypercoagulability [39]. D-dimer values have been
reported to be useful biomarkers with a high sensitivity for thrombosis in patients with
COVID-19 and are correlated with the severity of COVID-19 [19,20] (Table 2). Although
elevated D-dimer levels are a well-known risk factor for thrombosis, the D-dimer cutoff
level is low in COVID-19 [48]. Although D-dimer is useful for the exclusion of VTE in
patients with COVID-19, it may not be useful for the diagnosis of VTE in patients with
COVID-19 [15,19,20]. D-dimer levels were reported to be significantly higher in patients
with other pneumonia and sepsis due to bacterial infections than in patients with COVID-
19, whereas there was no significant difference in D-dimer levels between patients with
unidentified clinical syndrome and those with COVID-19 [14,15,46].

Platelet counts were extremely low in patients with sepsis and other pneumonia due to
bacterial infection, especially DIC or pre-DIC, but only moderately low in COVID-19 patients
with critical illness [14,15,46]. As multiple viruses interfere with hematopoiesis, thrombocytope-
nia is a common phenomenon in various viral infections including COVID-19 [49]. However,
thrombocytopenia is suggested to be associated with increased platelet consumption and de-
struction in COVID-19. The prothrombin time (PT) and APTT were significantly prolonged
in septic patients with DIC but not in patients with COVID-19 [14,15,46]. Therefore, DIC and
sepsis-induced coagulopathy are generally diagnosed using a scoring system based on PT,
platelet counts and fibrin-related products, such as D-dimer levels [50–52]. Fibrinogen levels
were significantly increased in patients with COVID-19 compared with patients with sepsis.
No significant differences have been noted in platelet counts, PT or APTT among the four
stages of COVID-19, although platelet counts tend to be reduced in severe or critical illness [46].
Therefore, the above scoring system may not be useful for diagnosing thrombosis in patients
with COVID-19, suggesting that coagulation factor abnormalities may not be significant in
COVID-19.

5.2. Platelet Activation

Platelet activation can be evaluated to detect substances such as P selectin [53] or phos-
phatidylserine [54] on the platelet surface via flow cytometry. However, this method is not
routine laboratory work. Platelet–leukocyte aggregates are often detected to show platelet
activation [55], but this method is not quantitative (Table 3). Microparticles with tissue
factor (TF) from platelets or vessels have been reported to be increased in patients with
thrombosis [56], but this method is still being researched. Although, the β-thromboglobulin
(β-TG), platelet factor 4 (PF4), and P-selectin are considered biomarkers of platelet activa-
tion, their diagnostic specificity for thrombosis due to platelet activation is not high, and
their clinical laboratory use is inconvenient [57].
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Soluble platelet membrane glycoprotein VI (sGPVI) and soluble C-type lectin-like
receptor 2 (sCLEC-2) have been reported as new biomarkers for platelet activation [16,17,57].
Both sGPVI and sCLEC-2 were significantly elevated in patients with TMA and DIC [17,51].
Elevated sCLEC-2 levels were also reported in patients with ACS [18], ACI [58] and
COVID-19 [46]. Specifically, the sCLEC-2/platelet ratio is useful for evaluating the severity
of COVID-19. Furthermore, the plasma sCLEC-2 levels in patients with the mild stage of
COVID-19 were similar to those in patients with other pneumonias, suggesting that the
activation of platelets may occur in the early stage of COVID-19 without symptoms of
microangiopathy [36]. Activated platelets in patients with COVID-19 may release large
amounts of sCLEC-2 into the blood before causing severe microangiopathy. Although many
reports have demonstrated decreased ADAMTS13 activity and increased von Willebrand
factor (VWF) in patients with COVID-19 [59,60], ADAMTS-13 activity was not less than
10% in COVID-19 and the clinical usefulness of a mild decrease in ADAMTS-13 is not
clear. Anti-PF 4 antibodies have often been reported in COVID-19 patients associated with
thrombosis [61,62], suggesting that one of the thrombotic mechanisms in patients with
COVID-19 is heparin-induced thrombocytopenia (HIT).

Table 2. Routine biomarkers for coagulopathy in COVID-19 infections and sepsis.

COVID-19 Infection [14,15,52,54,55] Sepsis Due to Bacterial Infection [37,38,57,59]

Cutoff Value Sensitivity Specificity Cutoff Value Sensitivity Specificity

D-dimer 1.0–3.0 μg/mL high low 5–10 μg/mL moderately high moderately high

Platelet counts 16.0 × 1010/L low low 12.0 × 1010/L moderately high moderately high

PT-INR 1.20 low low 1.20 moderately high moderately high

Fibrinogen increased - - 1.5 g/L slightly high high

Antithrombin - - - 70% moderately high moderately high

WBC decreased (at first) markedly increased

Hemoglobin decreased (at severe or critical illness) no change

PT-INR, prothrombin time-internationalized ratio; WBC, white blood cells; COVID-19, coronavirus disease 2019.

Table 3. Examinations for platelet activation.

Methods Quantitative Multiple Assay Easy Assay Specificity

Activated substance on platelet flow cytometry NA NA adequate specific

Microparticles from platelet flow cytometry,
immunoassay NA NA adequate semispecific

Platelet–leukocyte aggregates flow cytometry,
microscopy NA NA adequate specific

β-TG, platelet factor 4 (PF4) ELISA PA PA NA specific

P-secretin ELISA adequate adequate adequate semispecific

GP-VI, ELISA adequate adequate adequate specific

sCLEC-2 CLEIA adequate adequate SA specific

β-TG, β-thromboglobulin; PF4, platelet factor 4; NA, not adequate; PA, partially adequate; SA, strongly adequate;
sGPVI, soluble platelet membrane glycoprotein VI; sCLEC-2, soluble C-type lectin-like receptor 2; ELISA, enzyme-
linked immunosorbent assay, CLEIA, chemiluminescent enzyme immunoassay.

5.3. Hypofibrinolysis and Vascular Endothelial Cell Injury Markers

Increased fibrinogen [63] and plasminogen activator inhibitor-1 (PAI-I) levels [64],
slightly increased D-dimer levels [65], and viscoelastic whole blood coagulation testing
with and without tissue plasminogen activator [66,67] suggested a hypercoagulable and
hypofibrinolytic state in patients with COVID-19. Most studies that reported hypofibrinol-
ysis in patients with COVID-19 [66–68] used thromboelastography (TEG), and conducting
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statistical analyses for hypofibrinolysis proved difficult. Therefore, the hypofibrinolytic
state in COVID-19 has not yet been sufficiently evaluated. Although it has been em-
phasized that D-dimer levels are increased in COVID-19 patients with severe or critical
illness [36], the increase in D-dimer values in patients with COVID-19 has been shown to
be significantly lower than that in other pneumonia patients [69]. Organ failure is worse in
advanced COVID-19 patients, so vascular endothelial cell injury markers such as soluble
thrombomodulin (sTM), VWF and PAI-I are high, while AT levels are low, suggesting that
hypofibrinolysis may be related to organ failure and vascular endothelial cell injury.

5.4. Inflammatory Marker

Increased values for the white blood cell count, C-reactive protein (CRP) level [8],
procalcitonin level [70], presepsin level [71], C5b-9 and C5a levels [44], and levels of inflam-
matory cytokines, such as tumor necrosis factor α, interleukin-1, interleukin-2, interleukin-6,
interleukin-10 and interferon γ, were reported in patients with severe COVID-19; eleva-
tion in these inflammatory factors can lead to cytokine storm [72]. As procalcitonin is a
biomarker for bacterial infection, presepsin may be more useful for diagnosing COVID-19
than procalcitonin [73]. These inflammatory mediators can further cause hypercoagulabil-
ity, platelet activation, hypofibrinolysis, and vascular endothelial cell injuries by activating
leukocytes, vascular endothelial cells and platelets.

6. Mechanisms for Thrombosis in COVID-19 and Sepsis

Several mechanisms for thrombosis underlying the worsening of the condition of
COVID-19 patients, such as old age, long time-bed rest and comorbidities [23,28], inflam-
mation and cytokine storms [12], vascular endothelial injuries [74], primary pulmonary
thrombosis [75], hypoventilation, a hypercoagulable state (including activation of the TF
pathway) [74], neutrophil extracellular traps (NETs) [76], hypofibrinolysis [66] and platelet
activation [60], have been proposed. The mechanism underlying thrombosis in COVID-19
(Figure 3) and in bacterial infection (Figure 4) is shown.

6.1. Platelet Activation

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) binds to the CD-147
receptor of platelets [77]. Early and intense platelet activation, which was reproduced
in vitro by stimulating platelets with SARS-CoV-2 depending on the CD147 receptor, has
been reported [53]. Platelet activation and platelet–monocyte aggregate formation trigger
TF expression in patients with severe COVID-19 [78]. SARS-CoV-2-induced platelet acti-
vation may participate in thrombus formation and inflammatory responses in COVID-19
patients. The early accumulation of extracellular vesicles with the soluble P-selectin and
high mobility group box 1 (HMGB-1) protein which platelets release, was shown to predict
worse clinical outcomes [53]. The plasma sCLEC-2 levels in patients with COVID-19 were
significantly higher than those in patients with other infections and reflected the progres-
sion of the severity of COVID-19 although these levels were significantly higher in patients
with sepsis due to bacterial infection [46] (Figure 4).

Thrombocytopenia is often observed in COVID-19 patients with severe disease as
well as in septic patients with DIC [79]. The sCLEC-2/platelet ratio was significantly
higher in COVID-19 patients with severe and critical illness than in those with mild illness,
suggesting that one of the causes of thrombocytopenia might be consumption due to
microthrombi formation, suggesting that COVID-19 has microangiopathy as well as DIC or
TMA. Low-dose aspirin was reported to be useful for managing COVID-19 [80].
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Figure 3. The mechanism underlying thrombosis in COVID-19. MΦ, macrophage; PMN, polymor-
phonuclear cell; NETS, neutrophil extracellular traps; ECs, endothelial cells; IFN, interferon; LPS,
lipopolysaccharide; TF, tissue factor; IL, interleukin; TNF, tumor necrosis factor; TM, thrombomod-
ulin; PAI-I, plasminogen activator inhibitor-1; AT-III, antithrombin; MOF, multiple organ failure; VTE,
venous thromboembolism; DIC, disseminated intravascular coagulation; a�, activated platelet; PLT,
platelet; COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome related
coronavirus-2; sCLEC-2, soluble C-type lectin-like receptor 2; TMA, thrombotic microangiopathy;
VTE, venous thromboembolism; ATE, arterial thromboembolism.
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Figure 4. The mechanism underlying thrombosis in bacterial infection. MΦ, macrophage; PMN,
polymorphonuclear cell; NETS, neutrophil extracellular traps; ECs, endothelial cells; IFN, interferon;
LPS, lipopolysaccharide; TF, tissue factor; IL, interleukin; TNF, tumor necrosis factor; TM, thrombo-
modulin; PAI-I, plasminogen activator inhibitor-1; AT-III, antithrombin; MOF, multiple organ failure;
VTE, venous thromboembolism; DIC, disseminated intravascular coagulation.

6.2. Hypercoagulable State

Marked activation of leukocytes and the overexpression of TF are considered some of
the most important causes of thrombosis or DIC due to bacterial infection [14,79]. Markedly
increased values of white blood cell count, plasma TF, and TF messenger RNA levels in white
blood cells have been reported in patients with sepsis [81]. Increased levels of inflammatory
cytokines, fibrin-related products (e.g., D-dimer), vascular endothelial cell injury markers
(e.g., thrombomodulin [TM]), and PAI-I and decreased antithrombin, thrombocytopenia, and
a prolonged PT were also reported in septic patients [14,38,82]. Such cases of sepsis are
frequently associated with DIC [38]. Severe septic patients with elevated sCLEC-2 levels may
also have microangiopathy [46]. There are some differences in the mechanism underlying
thrombocytopenia between DIC and TMA [79], although thrombocytopenia in both diseases
is caused by platelet consumption. Regarding COVID -19 (Figure 3), leukocyte counts are
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generally decreased early in COVID-19 [8], suggesting that activated platelets and injured
vascular endothelial cells may play an important role in the onset of thrombosis through CD-
147 [53]. However, CWA-APTT and CWA-sTF/FIXa showed hypercoagulability in patients
with COVID-19 [41] suggesting that thrombin burst (Figure 2) [83] which is enhanced by
activated platelets, causes hypercoagulability in this state.

6.3. Hypofibrinolysis

Although both severe COVID-19 and bacterial infections may have similar microan-
giopathy, complications with VTE are frequent in patients with COVID-19 but are not
frequent in septic patients. DIC is caused by hypercoagulation and hyperfibrinolysis [38],
most microthrombi in the microvasculature may dissolve promptly in DIC, whereas mi-
crothrombi in COVID-19 may develop into venous thrombosis. Vascular injuries are
observed in COVID-19 [74], suggesting that elevated PAI-I may inhibit fibrinolysis [84]
(Tables 4 and 5). In addition, the sCLEC-2/D-dimer ratio in patients with COVID-19 was
significantly higher than that in patients with other infections [69], suggesting that hyperco-
agulable and hypofibrinolysis states are more predominant in patients with COVID-19 than
in other pneumonia patients. Markedly increased TF and D-dimer levels are observed in
cases of bacterial infection [38,81], suggesting that hypercoagulable and hyperfibrinolytic
states exist in severe bacterial infections. Regarding COVID-19 infection, the sCLEC-2/D-
dimer ratio in cases with critical illness was significantly lower than that in cases with
mild illness, suggesting that most patients with early-stage COVID-19 infection show only
platelet activation with hypofibrinolysis, and that severe COVID-19 causes even further
hypercoagulability [69] through a thrombin burst induced by platelet activation (Figure 4).

Table 4. Differences and similarities between COVID-19 and severe sepsis bacterial infections.

COVID-19 Infection Severe Sepsis Due to Bacterial Infections

Activation of platelets +++++ +++

Activation of leukocytes + +++++

Tissue factor generation ++++ +++++

Cytokine generation +++++ ++++

Lung injury +++++ +++

Organ failure excluding lung + +++

Development of atheroma +++ +

Development of venous thrombosis +++++ ++

Fibrinolysis + +++++

Table 5. Differences and similarities between COVID-19 and severe sepsis bacterial infections.

COVID-19 Infection Severe Sepsis Due to Bacterial Infections

Venous thromboembolism frequent not frequent

Arterial thrombosis relatively frequent not frequent

Mortality rate approximately 2% 20–45% in severe sepsis

Incidence of infection markedly high relatively high

Death number markedly high relatively high

Microangiopathy positive positive

Coagulation mild or hypercoagulable states hypercoagulable state

Fibrinolysis hypofibrinolytic state hyperfibrinolytic state

DIC not frequent frequent

DIC, disseminated intravascular coagulation; COVID-19, coronavirus disease 2019.
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7. Treatment and Prophylaxis for Thrombosis

Although antithrombotic agents such as heparin reduce the risk of thromboembolism
in severely ill patients, there are a few recommendations for patients with COVID-19 in
the ISTH guidelines on antithrombotic treatment [85]. Among non-critically ill patients
hospitalized for COVID-19, there is a strong recommendation for the use of prophylactic
doses of low molecular weight heparin (LMWH) or unfractionated heparin (UFH) and
for select patients in this group; the use of therapeutic doses LMWH/UFH is preferred
over prophylactic doses, but without the addition of an antiplatelet agent. There are
weak recommendations for adding an antiplatelet agent to prophylactic LMWH/UFH in
select critically ill patients and prophylactic rivaroxaban for select patients after discharge.
A recent review of RCTs [86] in critically ill patients demonstrated that a therapeutic
dose of anticoagulation does not improve outcomes and results in more bleeding than a
prophylactic dose of anticoagulant in these patients. Trials in noncritically ill hospitalized
patients showed that anticoagulation at a therapeutic dose with a heparin formulation
might improve clinical outcomes. Anticoagulation with a direct oral anticoagulant may
improve outcomes of posthospital discharge; the results of a large RCT that is currently in
progress are awaited [87]. There is not sufficient evidence that therapeutic anticoagulant
can be recommended in critically ill patients at the present time.

8. Conclusions

A hypercoagulable state, platelet activation (observed as the marked elevation of
sCLEC-2), and hypofibrinolysis due to vascular injuries are observed in patients with
COVID-19, suggesting that SARS-CoV-2 may cause thrombogenicity via a mechanism
different from that involved in bacterial infection.
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Abstract: Neonatal venous thrombosis is a rare condition that can be iatrogenic or occur due to viral
infections or genetic mutations. Thromboembolic complications are also commonly observed as a
result of SARS-CoV-2 infections. They can affect pediatric patients, especially the ones suffering from
multisystem inflammatory syndrome in children (MIS-C) or multisystem inflammatory syndrome
in neonates (MIS-N). The question remains whether the maternal SARS-CoV-2 infection during
pregnancy can lead to thromboembolic complications in fetuses and neonates. We report on a
patient born with an embolism in the arterial duct, left pulmonary artery, and pulmonary trunk,
who presented several characteristic features of MIS-N, suspecting that the cause might have been
the maternal SARS-CoV2 infection in late pregnancy. Multiple genetic and laboratory tests were
performed. The neonate presented only with a positive result of IgG antibodies against SARS-CoV-2.
He was treated with low molecular weight heparin. Subsequent echocardiographic tests showed that
the embolism dissolved. More research is necessary to evaluate the possible neonatal complications
of maternal SARS-CoV-2 infection.

Keywords: pulmonary thrombosis; SARS-CoV-2; neonatal thrombosis; COVID-19 complications

1. Introduction

Neonatal venous thrombosis is a rare condition that occurs most often in infants born
between the 22nd and 27th week of pregnancy [1]. Up to 90% of venous thromboembolisms
are iatrogenic and are associated with central venous catheters [2,3]. Other predisposing fac-
tors are mechanical ventilation, infections with cardiotropic viruses (e.g., parvovirus B19, in-
fluenza virus, human immunodeficiency virus, cytomegalovirus, herpes simplex virus) [4],
hospital stays equal or longer than five days [5], and genetic mutations (e.g., Factor V, Factor
II, methylenetetrahydrofolate reductase (MTHFR) genes, protein S or C deficiencies) [6].

While SARS-CoV-2 infection most often leads to respiratory disease, it must be
acknowledged that the virus might affect other systems and organs as well. The non-
respiratory complications of SARS-CoV-2 infection such as preeclampsia [7] or neurological
diseases [8] have been described in the literature. Thromboembolic complications are com-
monly observed due to SARS-CoV-2 infections, especially among adults [9]. They can also
affect pediatric patients, particularly those suffering from the multisystem inflammatory
syndrome in children (MIS-C) [10]. The hypothesis of maternal infection playing the patho-
physiological role in neonatal thrombosis development has already been described in the
literature [11]. As SARS-CoV-2 can be transmitted through the placenta [12], the neonate
can develop multisystem inflammatory syndrome in neonates (MIS-N) after birth due to
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maternal infection [13]. We present a case of a neonate born with a pulmonary embolism in
the arterial duct, left pulmonary artery, and pulmonary trunk and several characteristic
features of MIS-N potentially associated with the maternal SARS-CoV-2 infection.

2. Case Presentation

The mother, in the 40th week of pregnancy, was admitted to the hospital with no
uterine contractions for observation before labor. She reported having had an infection of
probable viral etiology in the 38th week of pregnancy with fever, headache, fatigue, and
intense cough. The disease happened during the COVID-19 pandemic, while the number of
daily new cases was reaching peak values. Despite the symptoms of SARS-CoV-2 infection,
the mother did not perform a test. She has not been vaccinated against SARS-CoV-2 either.
A fetal ultrasound on admission showed an enlarged heart, asymmetrical atria, and fluid
in the pericardium and abdomen cavity. Previous ultrasound scans did not show such
abnormalities. Due to the suspicion of circulatory failure, the patient was transferred to a
third-level referral hospital, and a cesarean section was performed.

The neonate was hypotrophic (<3rd percentile), with a birth weight of 2580 g. However,
there was no evidence of fetal growth restriction in ultrasound scans performed in the
3rd trimester. The Apgar score was 8 in the 1st and 10 in the 5th minute of life. For the first
five minutes of life, he required Continuous Positive Airway Pressure (CPAP) respiratory
support with a maximal FiO2 of 25%. Blood samples from the umbilical cord were collected,
and pH values from umbilical vessels were within the normal range (pH 7.31 and 7.36, BE:
−0.65 and −1.81, respectively). During the first and second days of life, he had recurrent
desaturations and required constant passive oxygen therapy with FiO2 between 25 and 30%.

Echocardiography was performed twice during the initial hospital stay—in the 1st and
12th hour of life. It revealed enlarged heart atria and a spherical structure with a diameter
of 4.5 mm at the connection point between the arterial duct and the left pulmonary artery.
Moreover, the right ventricle’s systolic dysfunction was observed. To confirm the presence
of the suspected pulmonary embolism, on the 3rd day of life, chest computed tomography
angiography (chest angio-CT) was performed (Figure 1), which demonstrated the presence
of an embolism located in the arterial duct, left pulmonary artery, and pulmonary trunk
(size 15 mm × 4.5 mm × 4.5 mm). In the cross-section image, the thrombus occupied more
than half of the lumen of the pulmonary trunk and narrowed the blood inflow to the left
pulmonary artery.

The abdominal ultrasonography performed on the first day of life showed an enlarged
liver and free peritoneal fluid with no other abnormalities. The additional laboratory tests
in the neonate suggested an abnormal liver function (ALT: 172 IU/L, AST: 178 IU/L) and
normalized with time. The albumin level was initially low (2.51 g/dL) and increased later
(3.31 g/dL). The initial C-reactive protein level was 11.53 mg/L and decreased to 2.5 mg/L
on the 9th day of life. Cranial ultrasound was performed twice (on the 6th and 12th day of
life) and showed higher echogenicity of white matter along lateral ventricles. A follow-up
ultrasound was recommended on an outpatient basis.

Multiple genetic tests were performed to find the cause of embolism formation, such as
factor II, factor V, the MTHFR gene, and PAI-1 gene. The patient only tested heterozygous
in the MTHFR C677T and A1298C polymorphisms and positive in the PAI-1 5G/4G poly-
morphism. The results of the remaining tests were normal. The biological mother had not
had any medical history of thrombotic diseases, nor other members of the neonate’s family.

Moreover, laboratory tests were performed for infections with cardiotropic viruses, rul-
ing out cytomegalovirus, adenovirus, parvovirus-B19, enteroviruses, Coxsackie B viruses,
human herpes virus 6, and influenza A and B virus infections. Furthermore, a reverse
transcription polymerase chain reaction (RT-PCR) test and an antibodies test for SARS-
CoV-2 were performed. The neonate presented with a positive result of IgG antibodies
against SARS-CoV-2.
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Figure 1. Angio-CT scan of 4-day-old neonate presenting thrombus extending into the left pulmonary
artery, pulmonary trunk, and arterial duct. LPA: Left pulmonary artery; PT: Pulmonary trunk; DA:
Arterial duct; AAo: Ascending aorta; AD: Descending aorta.
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In coagulation tests, we observed increased D-Dimers levels (7.42 mg/L), standard
prothrombin times (15.8 s), and a reduced number of platelets (100 G/L). Protein C and
Protein S activity was normal (28% and 48%, respectively). Troponin I was 202.8 ng/L, and
the N-terminal prohormone of brain natriuretic peptide (NT-proBNP) was >35.000 pg/mL,
suggesting myocardial damage and heart failure.

The neonate received two treatment doses of 4.5 milligrams of a low molecular weight
heparin (LMWH) on the second day of life. Prolonged bleeding time from injection sites
was observed. Coagulation tests showed activated partial thromboplastin time (APTT)
above 400 s, decreased fibrinogen (1.61 G/L), and elevated anty-Xa activity (1.92 U/mL).
Fresh frozen plasma was transfused, and normalization of the coagulation parameters
was observed.

The neonate was transferred to the Cardiology Department on the 3rd day of life,
where he received a continuous infusion of unfractionated heparin. However, due to the
difficulties in maintaining appropriate APTT values and observed thrombocytopenia, the
treatment was changed to LMWH. The activity of anti-Xa was monitored regularly. More-
over, antithrombin III was supplemented as its activity was reduced to 35%. Subsequent
echocardiographic tests were performed to monitor the effects of the applied treatment. The
echocardiography performed on the 9th and 12th day of life did not show the embolism,
suggesting it had resorbed completely. The results of the follow-up abdominal ultrasound
did not show any abnormalities. On the 12th day of life, the patient was discharged home
in good condition.

3. Discussion

SARS-CoV-2 is a single-stranded ribonucleic acid (RNA) β-coronavirus. Using a spe-
cific host protease, transmembrane serine protease 2 (TMPRSS2) [14], it binds to the host
cell receptor-angiotensin-converting enzyme 2 receptor (ACE2-R) with the major spike gly-
coprotein (S1) [15]. ACE2-R is expressed in various tissues and organs, e.g., the lungs, heart,
intestine, muscles, liver, pancreas, or kidneys and on the epithelial cells of oral mucosa
and the tongue [16,17]. Both arterial and vascular endothelium is characterized by high
levels of ACE2-R expression as well [18]. The binding of the virus causes a decrease in the
receptor activity, resulting in the accumulation of angiotensin II, which triggers intracellular
signaling pathways (caspase 3, p83 MAPK, ROS, cytochrome C) and, subsequently, leads to
vasoconstriction, increased oxidative stress, cellular damage, proinflammatory effect, and
fibrosis [19]. Moreover, the replication of the virus inside the host cells may promote the
immune response, releasing interferon-γ and interleukins: IL-1β and IL-6, which facilitates
endothelial activation and inflammation [19,20].

Healthy endothelium is antithrombotic but might become prothrombotic when acti-
vated. COVID-19 infection determines endothelial activation by angiopoietin-2, a mediator
stored in the Weibel–Palade body, which shows elevated circulating levels in COVID-19
and an association with the induction of procoagulant and proinflammatory reactions [21].
Endothelial activation promotes platelet recruitment through the secretion of the von Wille-
brand factor and expression of fibrinogen and P-selectin on the surface. Platelet aggregation
might generate a deposition of platelet-rich clots in the lung microcirculation. This event is
the key mechanism leading to respiratory failure. Furthermore, endothelial cells upregulate
the expression of adhesion molecules: VCAM-1, ICAM-1, and E-selectin, which promote
leukocyte adhesion and activation. The interaction of platelets and leukocytes facilitates
the coagulation pathway and proinflammatory molecules secretion [20]. After the sys-
temic activation of the coagulation and the development of disseminated microthrombosis,
multiple organs will be affected.

Ackermann et al., in their study, presented results from autopsies performed on pa-
tients who died because of COVID-19. They examined their lungs and described that
endothelial cells in the specimens were swollen, the intercellular junctions were disrupted,
and there was a lack of contact with the basal membrane. The findings proved that infection
with SARS-CoV-2 caused injury to the endothelium and can promote thromboembolism
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formation [22]. It was predicted that the injury of pulmonary endothelial cells contributed
significantly to diffuse alveolar damage and the development of acute respiratory distress
syndrome (ARDS) [23]. In another study, a post-mortem autopsy of severe COVID-19
patients confirmed diffuse alveolar damage and inflammatory infiltrations with hyaline
membrane formation in the lung and, also, inflammation of the myocardium, focal pancre-
atitis, axon injury, glomerular microthrombosis, macrophage accumulation in the brain,
and lymphocyte infiltrations of the liver [24].

The possible complications of SARS-CoV-2 infections are currently the subject of
many studies. However, knowledge regarding the neonatal population is relatively scarce.
During the COVID-19 pandemic, the prevalence of prothrombotic and cardiovascular
complications increased. They occurred in about 9% of all adult patients [25], with up
to 50% of those with severe manifestations [26]. These patients were more susceptible
to developing deep vein thrombosis, arterial thrombosis, pulmonary embolisms, or in-
tracatheter thrombosis [20], which were usually related to poorer prognosis and higher
mortality rates [27]. However, among pediatric patients suffering from COVID-19, these
complications were rather rare [28]. The incidence of thromboembolisms was lower in this
group than in adults [29].

Schulze-Schiappacasse et al. published a case report of a 27-day-old neonate with
a severe SARS-CoV-2 infection. At first, he presented with watery diarrhea and food
refusal for 48 h, and, later, he developed pulmonary thrombosis. Despite the therapy with
LMWH, the thrombus continued to grow. Therefore, the neonate required two courses of
alteplase, which improved his clinical condition. Many factors could have contributed to
the development of the disease, but SARS-CoV-2 infection might be treated as a condition
promoting the thrombotic event [30]. However, to the best of our knowledge, no case report
has been published where pulmonary thrombosis occurred in utero and caused circulatory
failure in the fetus.

Multisystem inflammatory syndrome in neonates (MIS-N) is a syndrome similar to
MIS-C, which has been well-described in pediatric patients. The reasons for neonates
developing the syndrome are maternal infection and transplacental transfer of SARS-CoV2
antibodies or disease after birth [31]. Possible symptoms include increased CRP and cardiac
enzymes, abnormal coagulation tests, cardiomegaly, hepatomegaly and splenomegaly,
abnormal liver and kidney function tests, free peritoneal fluid, abnormalities in the brain,
and low albumin levels. Compared to MIS-C, fever is not always observed. The outcome
is favorable in most cases. However, the observed mortality rate can be up to 9.2% in
neonates with MIS-N. The neonate presented in this case report had several MIS-N features
such as elevated CRP, increased cardiac enzymes, cardiomegaly, free peritoneal fluid,
hepatomegaly, abnormal liver tests, and low albumin level. However, he did not present
with abnormalities in the brain, leukocytosis with lymphopenia, or hyponatremia, which
are also common.

The molecular mechanisms of MIS-C and MIS-N have been the subject of many
studies. SARS-CoV-2 infection preceding MIS-C is usually asymptomatic, but it appears to
activate several immunological pathways. SARS-CoV-2 infection is believed to stimulate
T-cells, which results in the stimulation of macrophages, monocytes, B-cells, and plasma
cells. All of the immune mechanisms, along with the cytokine release (cytokine storm),
lead to hyperinflammation and the development of MIS-C [32]. A reduced number of
NK cells and lower NK cell degranulation was also identified as a possible factor in the
immunopathogenesis of MIS-C [33].

Distinguishing MIS-C from other similar inflammatory syndromes remains challeng-
ing, given the lack of information about possible SARS-CoV-2 exposure in many cases. In
order to facilitate the differential diagnosis, signatures of MIS-C were compared with severe
COVID-19, Kawasaki disease, toxic shock syndrome, or hemophagocytic lymphohistiocy-
tosis (HLH) [32,34]. The comparison studies aimed to identify a profile of inflammatory
biomarkers that would be unique for MIS-C. The results indicated that MIS-C and Kawasaki
have partially overlapping cytokine profiles, with elevated inflammatory markers such as
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IL-6, IL-18, IL-17a, or IFN-γ [35,36]. However, higher levels of IL-17a in Kawasaki disease
might suggest different immunopathology. It has been proven that cytokine and chemokine
profiles differed in severe COVID-19 and MIS-C. However, there is no consensus on MIS-C
distinctive biomarkers [35,37,38]. MIS-C patients were characterized by higher expression
of IL-6, higher levels of IFN-γ-induced chemokines (CXCL9 and CXCL10), and higher
expression of IFN-γ in T-cells [33,39].

Comparing patients with MIS-C and with HLH, T-cell activation and TH1 cytokines
were found in both groups but they differed in amplitude [34]. Hyperinflammation and
cytokine storms were described in severe COVID-19 patients as well. According to the stud-
ies on COVID-19 complications, the cytokine storm might contribute to thromboembolism
formation and multiorgan damage [20].

Thromboembolic complications have been described among the pediatric popula-
tion both in COVID-19 patients and MIS-C [10,40,41]. Thromboembolisms occur more
often among children suffering from MIS-C, with an incidence rate ranging from 1.4% to
6.5% [41]. There are several molecular mechanisms involved in thromboembolism forma-
tion. Hyperinflammation and cytokine storms contribute to endothelial dysfunction and
hyperactivation of platelets. Moreover, activation of the complement described in MIS-C
patients is suspected to increase the risk of thrombosis development.

Although MIS-C and COVID-19 are both unique risk factors, the pathogenesis of
thromboembolism formation remains very complex and many factors play a role, including
genetic mutations. There has been much research on various types of thrombophilia.
It is known that factor V Leiden or prothrombin mutations increase the risk of venous
thromboembolisms during SARS-CoV-2 infections [42,43]. PAI-1 gene mutation is a risk
factor for myocardial infarctions and venous thromboembolism formation [44]. It may
contribute to the severity of COVID-19 infection and lead to coagulopathy characterized by
thrombi formation [45]. However, the impact of PAI-1 5G/4G polymorphism on COVID-
19 severity has not been confirmed yet [27]. Moreover, the most frequent MTHFR gene
polymorphisms C677T and A1298C had also been alleged to contribute to the more severe
course of COVID-19. The possible impact of these polymorphisms is still being evaluated
in the research studies [27]. However, according to the guidelines established by the
American College of Medical Genetics in 2013 [46], the compound 677/1298 heterozygote
polymorphism is unlikely to be an independent risk factor for thrombosis occurrence [47].
Given all of these examples, the genetic mutations of the presented neonate do not seem to
be a leading factor contributing to pulmonary embolism formation. The possible causes of
pulmonary thrombosis appear to be maternal SARS-CoV-2 infection and MIS-N.

The treatment of neonates with pulmonary thrombosis remains a challenge, as there
is no consensus on the most favorable method. They include low molecular weight hep-
arin, unfractionated heparin, thrombolytic therapy with alteplase, and catheter-based
embolectomy [48]. Coagulation tests must be performed frequently to monitor the treat-
ment. Decisions should be made carefully based on the extent of the thrombosis and
modified as the patient is observed day by day to minimize the side effects of the treatment.
More research regarding thrombosis treatment strategies is necessary. The usage of novel
technologies such as artificial intelligence and machine learning has been described in the
literature and might contribute to further search for possible therapies [49,50].

4. Conclusions

Given the positive result of IgG antibodies against SARS-CoV-2 and the mother’s
infection in late pregnancy with symptoms suggesting COVID-19, we suspected that SARS-
CoV-2 was a major factor associated with the formation of the pulmonary embolism in the
presented newborn.

More research is necessary to evaluate the possible neonatal complications of maternal
SARS-CoV-2 infection. In the described case, the neonate’s heart failure was diagnosed
prenatally, which resulted in the admission to a 3rd reference-level hospital. A correct
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diagnosis was made, allowing for effective treatment. It is essential that pregnant women
suffering from COVID-19 are monitored to detect possible abnormalities.
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Abstract: Inflammation is a key factor in the development of atherosclerosis, a disease characterized
by the buildup of plaque in the arteries. COVID-19 infection is known to cause systemic inflammation,
but its impact on local plaque vulnerability is unclear. Our study aimed to investigate the impact of
COVID-19 infection on coronary artery disease (CAD) in patients who underwent computed tomog-
raphy angiography (CCTA) for chest pain in the early stages after infection, using an AI-powered
solution called CaRi-Heart®. The study included 158 patients (mean age was 61.63 ± 10.14 years)
with angina and low to intermediate clinical likelihood of CAD, with 75 having a previous COVID-19
infection and 83 without infection. The results showed that patients who had a previous COVID-19
infection had higher levels of pericoronary inflammation than those who did not have a COVID-19
infection, suggesting that COVID-19 may increase the risk of coronary plaque destabilization. This
study highlights the potential long-term impact of COVID-19 on cardiovascular health, and the
importance of monitoring and managing cardiovascular risk factors in patients recovering from
COVID-19 infection. The AI-powered CaRi-Heart® technology may offer a non-invasive way to
detect coronary artery inflammation and plaque instability in patients with COVID-19.

Keywords: COVID-19; vascular inflammation; fat attenuation index; plaque vulnerability; thrombosis;
chronic coronary syndrome; pericoronary adipose tissue

1. Introduction

1.1. The Impact of Vascular Inflammation in Atherosclerosis

It is well-established that vascular inflammation is a key factor in the development
and progression of atherosclerosis. Plaques that are stable have a chronic inflammatory
response, while those that are vulnerable or have ruptured have an “active” inflammation
that can compromise the protective fibrous cap and raises the risk of rupture, which is the
main cause of acute vascular events (AVE) [1].

Atherosclerosis is a prevalent condition that affects the blood vessels and increases the
risk of serious AVE, such as acute coronary syndrome (ACS) and cerebrovascular events.
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These events occur when the plaques rupture and form clots, which can lead to severe
complications and even death. The concept of “vulnerable plaque” (VP) was introduced
to describe the unpredictable nature of the progression of atherosclerosis [2], a VP is one
that is more likely to rupture and cause an AVE [3]. In recent years, research has focused
on understanding the mechanisms that lead to plaque instability and rupture. However,
there are also factors outside of the plaque that can increase a person’s risk for an event,
leading to the concept of “vulnerable patient” [3,4]. A vulnerable patient is someone who
is at a higher risk of developing an AVE or sudden cardiac death based on factors such as
the characteristics of the plaque, perivascular inflammation, blood flow, and myocardial
vulnerability [3–5].

In recent years, epicardial adipose tissue (EAT) and perivascular adipose tissue (PVAT)
have been extensively researched for their roles as markers and promoters of local coronary
inflammation [6,7]. PVAT is a layer of fat that surrounds the coronary arteries and other
blood vessels, and is composed of lipid-filled cells (adipocytes), connective tissue cells
(such as preadipocytes), and interstitial tissue. PVAT is considered part of the vessel and
has a close anatomical and physiological relationship with the arterial wall [8]. EAT and
PVAT also contribute to systemic inflammation by releasing cytokines into the circulation
through paracrine signaling pathways [9]. Non-invasive imaging methods have been
used to effectively quantify EAT and PVAT, which has been shown to predict the risk of
AVE across a variety of cardiovascular disorders, and also correlates with markers for
systemic inflammation, increased oxidative stress, severity of atherosclerosis, and patient
prognosis [10,11].

1.2. COVID-19 Inflammatory Response: Pathophysiology

The COVID-19 pandemic has had a considerable impact on cardiovascular health, due
to its effects on inflammation and destabilization of the immune system, both during the
acute phase of the infection and over the course of the disease, as well as in long-COVID
syndrome [12,13]. SARS-CoV-2 infection can exacerbate underlying cardiovascular diseases
(CVD) or promote vulnerability of coronary atherosclerotic plaques due to high levels of
pro-inflammatory cytokines and chemokines in the bloodstream. These substances can
lead to microvascular and vascular thrombosis, coronary vasospasm, modulation of shear
stress, and platelet activation, which can further contribute to plaque vulnerability [14].
The intensity of the cytokine storm, or excessive release of cytokines, has been identified
as a significant component in predicting the clinical progression of extrapulmonary organ
failure and mortality in COVID-19 patients [15].

1.3. PVAT-FAI Mapping for Inflammation Detection

The optimal method to detect inflammation in the PVAT using coronary computed
tomography angiography (CCTA) is through the use of the fat attenuation index (FAI). The
FAI is a measure of the CT attenuation gradients in the perivascular space and is calculated
by comparing the attenuation values of the PVAT and the adjacent vessel. In cases of
coronary inflammation, the composition of the PVAT undergoes a change towards higher
aqueous and lower lipophilic content, which can be observed in the FAI due to a decrease in
the CT attenuation of the PVAT. Chronic inflammation can also lead to unfavorable fibrotic
and other remodeling of the PVAT, which can be identified using progressed radiomic
texture analysis of the perivascular adipose tissue [16,17]. The FAI has several advantages as
a measure of vascular inflammation; it is not affected by the degree of coronary calcification,
is not influenced by individual systemic inflammation as measured by hs-CRP, and is not
associated with the severity of coronary stenosis [18,19].

CCTA is commonly used in COVID-19 patients with diagnosed or suspected CVD,
especially when the results are likely to significantly affect the patient’s treatment plan
or save their life [8,20]. As previously discussed, local vascular inflammation can be
quantified non-invasively using CT imaging with the computation of the FAI, using artificial
intelligence algorithms [21,22].
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2. Results

2.1. Baseline Characteristics of the Study Population

This study recruited 158 patients who reported chest pain and had a low to inter-
mediate clinical likelihood of CAD. In total, 47.46% of the participants (n = 75) had a
history of COVID-19 infection a few months prior to the CCTA examination, while the
remaining 52.53% did not have any prior infection. The participants had an average age of
61.63 ± 10.14 years, and 67.08% (n = 106) of them were male. There were no statistically sig-
nificant differences between the two groups in terms of gender, age, and comorbidities such
as hypertension, diabetes, and obesity. In contrast, it was observed that group 1 exhibited
a lower incidence of hypercholesterolemia in comparison to group 2 (40.00% vs. 59.04%,
p = 0.02), alongside having a higher body mass index (28.51 ± 4.21 vs. 26.93 ± 4.25, p = 0.03)
and significantly reduced levels of triglycerides (134.1 ± 75.04 vs. 154.0 ± 64.58, p = 0.03).
The groups did not show any significant differences in terms of PCI after CCTA, multi-
vessel PCI, heart failure, left ventricular ejection fraction (LVEF), serum creatinine, and total
cholesterol. The average time from COVID-19 infection to CCTA examination for group
2 was 138.1 ± 103.2 days and there were no significant differences between the groups in
terms of vaccination against COVID-19. The baseline characteristics, comorbidities, and
risk factors of the two study groups are presented in Table 1.

Table 1. Baseline characteristics, comorbidities, and risk factors in the study population.

Parameters
Whole Study Sample

(n = 158)
Group 1 (COVID-19)

(n = 75)
Group 2 (non COVID-19)

(n = 83)
p Value *

Male gender, n (%) 106 (67.08%) 46 (61.33%) 60 (72.29%) NS
Age at time of scan,
mean ± SD 61.63 ± 10.14 60.29 ± 10.30 62.84 ± 9.90 NS

Smoking, n (%) 29 (18.35%) 10 (13.33%) 19 (22.89%) NS
Hypertension, n (%) 135 (85.44%) 61 (81.33%) 74 (89.16%) NS
Hypercholesterolemia, n (%) 79 (50.00%) 30 (40.00%) 49 (59.04%) 0.02
Diabetes, n (%) 44 (27.84%) 18 (24.00%) 26 (31.33%) NS
Obesity, n (%) 41 (25.94%) 25 (33.33%) 16 (20.25%) 0.07
BMI, mean ± SD 27.57 ± 4.29 28.51 ± 4.21 26.93 ± 4.25 0.03
PCI after CCTA, n (%) 69 (43.67%) 27 (36.99%) 42 (50.60%) NS
Multi-vessel PCI, n (%) 23 (14.55%) 7 (25.93%) 16 (38.10%) NS
Heart failure, n (%) 117 (74.05%) 57 (76.00%) 60 (75.95%) NS
LVEF (%), mean ± SD 47.69 ± 5.07 48.34 ± 4.18 47.12 ± 5.71 NS
Creatinine (mg/dL),
mean ± SD 0.97 ± 0.26 0.93 ± 0.23 1.00 ± 0.27 NS

Total cholesterol (mg/dL),
mean ± SD 167.3 ± 47.13 161.4 ± 43.55 171.0 ± 49.24 0.07

Triglycerides (mg/dL),
mean ± SD 145.7 ± 69.49 134.1 ± 75.04 154.0 ± 64.58 0.03

COVID-19 vaccine, n (%) 99 (62.65%) 43 (57.33%) 56 (60.22%) NS
Time from COVID-19 to CCTA (days), mean ± SD 138.1 ± 103.2

* BMI—body mass index > 30 kg/m2; PCI—percutaneous coronary intervention; LVEF—left ventricular ejection
fraction; NS—non-significance.

Figure 1 demonstrates the case of a single patient who underwent CCTA among the
158 patients referred to the partner center for further assessment utilizing AI algorithms.
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Figure 1. Conventional CCTA image of the three major coronary arteries (a) and a colored mapping
representation of an abnormal FAI for the same patient (b). Figure shows CCTA images of the three
major coronary arteries with a stable atherosclerotic lesion (yellow arrows) in a patient who had a
COVID-19 infection a few months prior to CCTA examination (a) and delineated pericoronary fat
with the FAI colored mapping around the non-culprit lesions (blue arrows) demonstrating abnormal
FAI in the same patient (b). Using the CaRi-Heart® v2.4.2 platform (panel b), FAI-Score was evaluated
for each individual at baseline in the proximal LAD, LCX, and RCA.

2.2. PVAT-FAI Values and Scores

According to the standard adipose tissue Hounsfield unit range (−190 to −30 HU),
there were no significant differences in the coronary FAI index values between the two
groups as revealed by the conventional CT scan. The FAI-score was consistently higher
in the non COVID-19 group; more precisely: LAD (group 1—9.32 ± 6.00 vs. group 2—
11.61 ± 7.60, p = 0.05), LCX (group 1—10.48 ± 6.24 vs. group 2—12.43 ± 6.65, p = 0.05),
FAI-score TOTAL (group 1—10.47 ± 7.19 vs. group 2—12.81 ± 8.28, p = 0.001) (Table 2).

Table 2. PVAT-FAI Score Centile of Coronary Inflammation for Age and Gender.

Parameters
Whole Study Sample

(n = 158)
Group 1 (COVID-19)

(n = 75)
Group 2 (non COVID-19)

(n = 83)
p Value *

FAI HU LAD, mean ± SD −76.08 ± 7.66 −75.07 ± 7.59 −76.46 ± 7.74 NS
FAI HU LCX, mean ± SD −71.32 ± 7.50 −71.44 ± 7.88 −71.21 ± 7.16 NS
FAI HU RCA, mean ± SD −73.11 ± 8.94 −72.97 ± 9.38 −73.23 ± 9.61 NS
FAI-Score LAD, mean ± SD 10.54 ± 6.97 9.32 ± 6.00 11.61 ± 7.60 0.05
FAI-Score LCX, mean ± SD 11.48 ± 6.50 10.48 ± 6.24 12.43 ± 6.65 0.05
FAI-Score RCA, mean ± SD 15.00 ± 11.71 14.54 ± 12.17 15.40 ± 11.36 NS
FAI-Score TOTAL, mean ± SD 11.72 ± 7.87 10.47 ± 7.19 12.81 ± 8.28 0.001
FAI-Score Centile LAD,
mean ± SD 0.61 ± 0.28 0.66 ± 0.29 0.58 ± 0.28 0.05

FAI-Score Centile LCX,
mean ± SD 0.73 ± 0.22 0.79 ± 0.16 0.68 ± 0.26 0.03

FAI-Score Centile RCA,
mean ± SD 0.73 ± 0.26 0.83 ± 0.20 0.68 ± 0.29 0.05

* By Mann–Whitney test or chi-square test or Fisher-exact test, when appropriate; Passed D’Agostino and Pearson
normality test; NS — non-significance.

2.3. PVAT-FAI Score Centile of Coronary Inflammation

The FAI-score of the LAD, LCX, and RCA was used to create percentile curves across
various age and sex groups. These curves were evaluated for their prognostic significance
in Cox models that were adjusted for hypertension, diabetes mellitus, smoking, hyper-
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lipidemia, high-risk plaque characteristics, and the modified Duke prognostic CAD index
(Figure 2).

 

Figure 2. Nomograms with percentile curves for FAI-Score, adjusted for age, gender, and risk factors
for each major coronary territory.

For the FAI-score Centile, the overall pattern shifts significantly, as the values for
all three coronary arteries are higher for the subjects in the COVID-19 positive group, as
follows: FAI-Score Centile LAD (group 1—0.66 ± 0.29 vs. group 2—0.58 ± 0.28, p = 0.05),
FAI-Score Centile LCX (group 1—0.79 ± 0.16 vs. group 2—0.68 ± 0.26, p = 0.03), FAI-Score
Centile RCA (group 1—0.83 ± 0.20 vs. group 2—0.68 ± 0.29, p = 0.05). FAI-Score Centile
values of the two study groups are presented in Figure 3.

 

Figure 3. PVAT-FAI Score Centile of Coronary Inflammation for each coronary artery.

3. Discussion

A major challenge in the field of coronary atherosclerosis research is to find markers
that can detect coronary inflammation, which is closely connected to the vulnerability of
plaques. By doing so, it would be possible to identify patients who are at an elevated risk of
AVE even before they show any clinical symptoms. Additionally, addressing inflammation
may be a viable approach for preventing and managing this disease [23].

The ongoing coronavirus pandemic has had a significant impact on our society, in-
cluding a significant effect on cardiovascular health [24], which was initially thought to
be primarily a respiratory illness. The increased incidence of COVID-19 has presented
healthcare professionals with various challenges, including assessing inflammation in PVAT
as a marker of cardiovascular involvement. The respiratory issues caused by COVID-19 can
lead to severe hypoxemia, which can result in multi-organ failure and cardiac damage [25].
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The virus induces inflammation by triggering the release of cytokines and chemokines
from respiratory epithelial cells, dendritic cells, and macrophages, as well as promoting
the accumulation of EAT and PVAT. This can lead to local vascular inflammation and
endothelial dysfunction, resulting in plaque formation and progression [26,27]. Certain
biomarkers, such as inflammatory markers, chest CT findings, and nutritional status scores,
have been shown in studies to predict adverse outcomes in COVID-19 patients. These
results suggest that early identification and management of high-risk patients could lead to
better outcomes [28–30].

Several studies have reported that COVID-19 infected patients have a higher incidence
of cardiovascular events, including acute myocardial infarction, stroke, and heart failure,
within one year of infection [31]. Additionally, Katsoularis et al. conducted a self-controlled
case series and matched cohort study in Sweden, which showed an increased risk of acute
myocardial infarction and ischemic stroke following COVID-19 [32]. Moreover, the Liuzzo
and Volpe article highlighted the substantially elevated long-term cardiovascular risk
linked to SARS-CoV-2 infection [33]. Collectively, these studies suggest that COVID-19 may
have a significant impact on cardiovascular health and can potentially lead to long-term
consequences. The importance of closely monitoring and managing cardiovascular health
in COVID-19 patients is emphasized, and further research is necessary to fully comprehend
the cardiovascular effects of COVID-19.

CCTA has become the first-line test for investigating suspected CAD. However, as
its use expands in different clinical settings, it is essential to enhance its accuracy while
also improving its diagnostic and prognostic importance in the early stages of coronary
atherosclerosis [34–36]. The main findings of our study are as follows.

Firstly, our study revealed that the study population had a high FAI Score, and in
all cases, the FAI Score was consistently higher in the non COVID-19 group. The new
FAI Score for each coronary artery is a more dependable way of measuring coronary
inflammation and a more accurate predictor of the risk of cardiac mortality than previous
FAI methods [16,24].

Secondly, we discovered that the existence of lesions with greater pericoronary FAI-
Score Centile value in the studied population were more commonly associated with patients
who had previously been infected with COVID-19. It is established that the FAI-Score tends
to increase with age. The percentile curves associated with the FAI Score are estimates of
how the score is distributed among a group of patients who have undergone a clinically
indicated CCTA. These curves provide a way to compare an individual’s FAI Score to
the others in the same age and gender group. It is important to note that the FAI Score
is just one factor among many that can affect an individual’s overall cardiovascular risk.
In our opinion, this may be the reason why the COVID-19 group shows higher values of
FAI-Score Centile.

Our study suggests that the PVAT-FAI Score is a trustworthy marker of coronary
immune-inflammatory activation and its correlation with plaque vulnerability. This has
important implications for assessing vascular involvement beyond typical conditions
encountered by cardiologists, particularly in the context of the COVID-19 pandemic [37].
Further research is needed to understand the impact of plaque location on hemodynamic
characteristics and the relationship between the specific vulnerable plaque phenotype and
the degree of PVAT inflammation.

In the last decade, CCTA has been established as an excellent comprehensive tool
for investigating suspected coronary artery disease. Mapping the PVAT-FAI on routine
CCTA can detect coronary artery inflammation non-invasively by measuring changes in the
composition of pericoronary fat. At the same time, systemic inflammation can be enhanced
due to various infectious diseases, including SARS-CoV-2 infection. Thus, it is postulated
that COVID-19 can modulate pericoronary FAI via systemic inflammatory pathways and
plaque composition towards a higher vulnerability degree, which, in turn, can alter patient
prognosis. There are scarce data regarding the evolution of FAI, and, therefore, of local
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coronary inflammation following SARS-CoV-2 infection, which could interfere with the
development and progression of coronary atherosclerosis.

4. Materials and Methods

4.1. Study Design and Population

Our cross-sectional observational study, conducted at the Center of Advanced Research
in Multimodality Cardiac Imaging, Cardio-Med Medical Center (Târgu Mures, , Romania)
included 158 patients presenting with pain in the chest area and a low to intermediate
likelihood of CAD. The patients underwent 128-slice CCTA to assess coronary anatomy and
atherosclerosis, determine FAI score, and perform plaque analysis. The study participants
were categorized into two main groups based on their COVID-19 status: group 1 (n = 75)
included patients who had a previous COVID-19 infection and group 2 (n = 83) included
patients matched for age and gender who did not have a COVID-19 infection prior to the
CCTA examination. We ensured the accuracy of patient selection in the first group by only
including individuals who had laboratory-confirmed COVID-19, exhibited mild to moder-
ate symptoms, and had not received any treatment in healthcare facilities. Demographic
and laboratory characteristics, cardiovascular risk factors, and symptom development were
all monitored and assessed for each patient before the CCTA examination.

Patients with high coronary calcification, irregular heart rate, inability to achieve
heart rate below 65 beats per minute, morbid obesity, inability to follow breath-hold
instructions, or any other condition that could affect image quality were excluded from the
study. In addition, those with chest pain caused by factors other than CAD, a history of
myocardial infarction, high clinical probability of CAD, severe symptoms, or ACS requiring
percutaneous coronary intervention (PCI) were also excluded.

4.2. CCTA Acquisition Procedure and Image Post-Processing

All participants underwent a CCTA scan using a 128-slice Siemens Somatom Definition
AS (Siemens Healthcare, Erlangen, Germany) from the Centre of Cardio-Med (Târgu Mures, ,
Romania). The scan was retrospectively gated with a heart rate below 65 beats per minute
and the parameters included a tube voltage of 120 kV, gantry rotation time of 0.33 s, and
a collimation of 128 × 0.6. Beta-blockers were given to patients with a resting heart rate
above 65 beats per minute, and blood pressure was monitored during the administration
of intravenous or oral beta blockers. The acquisition process began with a native scan
for coronary calcium assessment, followed by the administration of 80–100 mL of iodine-
based contrast material based on body weight with a 50-mL saline chase at a flow rate of
5.5–6 mL/s during inspiratory breath-hold. All obtained scans were saved in a devoted
electronic imaging database for offline image post-processing and for cloud delivery.

All the acquired images were converted to DICOM format, then anonymized and
transferred to the partner center (Centre of CARISTO Diagnostics, Oxford, UK) via the cloud
for post-processing. The inclusion criteria for the analysis included the presence of plaques
with a stenosis effect of at least 50% and with at least one vulnerability marker present (low
attenuation noncalcified plaque—LAP, positive remodeling—PR, spotty calcifications—SC
and the napkin ring sign—NRS). The FAI and AI-based FAI scores were determined for
each of the major coronary arteries in all patients.

The calculation of the PVAT-FAI employs AI-enhanced algorithms (CaRi-Heart®,
CARISTO Diagnostics, Oxford, UK) that deliver precise and consistent attenuation mea-
surements in concentric 1-mm 3D layers of perivascular adipose tissue surrounding the
human arterial wall [16,38]. The PVAT-FAI calculation process involves multiple complex
steps, including segmenting the heart and analyzing the perivascular space and adipose
tissue using AI algorithms. The algorithms correct for various factors and technical aspects
of the scan to differentiate PVAT-FAI from conventional CT attenuation and accurately inter-
pret coronary inflammation [39]. In order to enhance comprehensibility, Table 3 illustrates
the distinction between FAI (HU) and FAI-Score.
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Table 3. The interpretation of FAI (HU) and FAI-Score.

Fat Attenuation Index (HU) A non-adjusted, graphic illustration of the level of inflammation
in the three primary epicardial coronary arteries.

Fat Attenuation Index-Score
A personalized measurement of the quantification of coronary
inflammation in the three primary epicardial coronary arteries,
adjusted for age and gender, expressed as a relative risk.

4.3. Statistical Analysis

After quantifying the PVAT-FAI for each coronary artery, all collected data were
sent back to our center and stored in an electronic Microsoft Excel database (Microsoft
Corporation, Redmond, WA, USA). Statistical analysis was performed using GraphPad
Prism 9.5 software (GraphPad Software, Inc., San Diego, CA, USA). The study included
a PCAT-FAI analysis of 474 coronary arteries: 158 on the left anterior descending artery
(LAD), 158 on the circumflex artery (LCX), and 158 on the right coronary artery (RCA).
In addition, the CaRi-Heart® risk and the Duke score were also determined for each
individual [37].

The data were analyzed comparatively between patients with and without previous
SARS-CoV-2 infection. Nominal (categorical) variables were reported as integer values
(percentages) and compared between groups using the Chi-square test (χ2) and its variables.
Numeric data were expressed as mean ± standard deviation, and a Mann–Whitney or
unpaired Student’s t-test was used. Pearson correlation analysis was conducted to deter-
mine correlations between the PVAT-FAI and other variables as appropriate. Results were
considered statistically significant if the two-sided p-value was 0.05.

5. Study Limitations and Future Directions

The purpose of this study was to assess the impact of COVID-19 infection on CAD
in patients who underwent CCTA examinations for chest pain in the early stages after the
infection, using the new AI—powered CaRi-Heart® medical device which combines stan-
dardized FAI mapping with plaque metrics and clinical risk factors to provide personalized
cardiovascular risk assessment.

Our study has a few limitations that should be acknowledged. Firstly, the patients
were only recruited from a single center, which may not accurately represent the entire pop-
ulation. Additionally, the study did not include a follow-up period, nor the measurement
of serum inflammatory biomarkers, which could provide more insight into the correlation
between coronary inflammation and risk of acute events. Secondly, the study only included
lesions with at least 50% stenosis, so it is unclear if FAI-Score can identify cases with a high
risk of events before significant stenosis. In addition, non-ST elevation ACS patients, who
may have an increased inflammatory burden, were not included in the study (according to
the 2020 ESC guidelines that recommend CCTA as a substitute for invasive angiography in
cases with low to intermediate CAD likelihood). Although these limitations exist, addi-
tional research is required to validate the clinical significance of the FAI-Score in managing
coronary inflammation.

In order to expand on the results of this proof-of-concept study, future research plans
include conducting a follow-up period to evaluate the outcome prediction capability of
the FAI mapping technique and its correlation with systemic inflammation as measured by
biomarker analysis. Additionally, to address the limitations of this study, our research team
intends to explore the correlation between local vascular inflammation and hemodynamic
differences in vessels by computing shear stress using CCTA imaging. In an effort to gain a
comprehensive understanding of overall coronary vulnerability, future studies will incor-
porate computerized plaque analysis, which provides insight into intrinsic vulnerability, in
conjunction with FAI.
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6. Conclusions

Lesions with higher pericoronary FAI-Score Centile values were more commonly
found in patients who had previously been infected with COVID-19. The pericoronary FAI-
Score percentile curves illustrate the level of coronary inflammation and provide a uniform
interpretation of perivascular FAI mapping on CCTA. Patients in the upper percentile
curves have an increased risk of cardiovascular disease, regardless of the presence of
traditional risk factors or established atherosclerotic changes.

An association has been observed between COVID-19 infection and an elevated
risk of destabilizing coronary plaque, as indicated by higher levels of inflammation in
the pericoronary adipose tissue. The use of pericoronary FAI as a marker for identifying
vulnerable patients at high risk for cardiovascular events could have significant implications
in the deployment of targeted prevention strategies. However, further validation of these
findings through larger studies with more consistent data is necessary to establish the
utility of FAI in clinical practice.
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Abstract: During the acute phase of COVID-19, many patients experience a complex coagulopathy
characterized by a procoagulant pattern. The present study investigates the persistence of hemostatic
changes in post-COVID patients at a long-term follow up, and the link with the persistence of physical
and neuropsychological symptoms. We completed a prospective cohort study on 102 post-COVID
patients. Standard coagulation and viscoelastic tests were performed, along with an assessment of
persistent symptoms and recording of acute phase details. A procoagulant state was adjudicated in
the presence of fibrinogen > 400 mg/dL, or D-dimer > 500 ng/mL, or platelet count > 450,000 cells/μL,
or a maxim clot lysis at viscoelastic test < 2%. A procoagulant state was identified in 75% of the
patients at 3 months follow up, 50% at 6 months, and 30% at 12–18 months. Factors associated with the
persistence of a procoagulant state were age, severity of the acute phase, and persistence of symptoms.
Patients with major physical symptoms carry a procoagulant state relative risk of 2.8 (95% confidence
interval 1.17–6.7, p = 0.019). The association between persistent symptoms and a procoagulant state
raises the hypothesis that an ongoing process of thrombi formation and/or persistent microthrombosis
may be responsible for the main physical symptoms in long-COVID patients.

Keywords: COVID-19; post-acute COVID-19 syndrome; coagulopathy; fibrinolysis; thrombosis

1. Introduction

The COVID-19 associated coagulopathy (CoAC) is a complex syndrome complicating
the acute phase of COVID-19 infection, first recognized at the beginning of the pandemic
in Italy through the use of standard coagulation tests, point-of-care viscoelastic tests (VET),
and a biochemical measure of markers of thrombin generation, fibrin generation, platelet
activation, and fibrinolysis [1–3].

Recognized patterns of CoAC are increased thrombin generation [4–6], thrombocy-
tosis in the early phases and thrombocytopenia in late severe conditions [7,8], blunted
fibrinolysis [6,9], and high levels of D-dimer [10–12].

This complex pattern clearly shows a dynamic behavior, where phases of activation are
followed by phases of coagulation factor consumption, exhaustion of the hemostatic system,
and, in more severe cases, disseminated intravascular coagulopathy. The main clinical
consequences of CoAC are thromboembolic complications, most frequently represented by
pulmonary embolism [13,14]. However, thrombi formation may be observed practically
everywhere, even in minor, subclinical manifestations of CoAC [15,16]. Extensive imaging
analyses clearly confirm the presence of micro and macro thrombotic formation in different
organs [17].

Whether this pattern and/or the consequences of CoAC resist and leave a long-term
signature in the hemostatic system after the closure of the acute phase of the disease is still
not well defined. There is an Indian study with a 3-month and a 6-month follow up where
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elevated D-dimer values were associated with persistence of symptoms [18]; however,
prolonged elevation of D-dimer levels seems not to be associated with the severity of acute
phase response [19]. The only study assessing the hemostatic profile after 1 year from the
acute phase shows the persistence of high D-dimer and factor VIII levels in 18% and 49%
of the patients, respectively, with an increased thrombin generation [20].

Since the first reports of hypercoagulability during the acute phase of COVID-19 were
based on point-of-care viscoelastic testing (VET), it is reasonable to use this approach to in-
vestigate the long-term residual effects of the disease on the hemostatic system. The present
study aims to investigate the hemostatic pattern of COVID-19 patients at a long-term follow
up, and to assess the association between patterns of the acute phase, persistence of clinical
symptoms, and hemostatic system profile.

2. Results

The general characteristics of the patient population during the acute phase and at
follow-up are shown in Table 1. The hemostatic profile at follow-up is shown in Table 2, sep-
arately for patients with or without persistent major physical symptoms (MPS) and/or ma-
jor neuropsychological symptoms (MNS). During the acute phase, a procoagulant pattern
was identified in 99 (97.1%) of the patients, with one or more of the following conditions:
peak fibrinogen levels > 400 mg/dL in 99 (97.1%) patients; peak D-Dimer > 500 ng/mL
in 87 (84.8%) patients; peak platelet count > 450,000 cells/μL in 17 (15.8%) patients and
nadir antithrombin (AT) activity < 70% in 6 (5.9%) patients. After discharge from the
hospital, a procoagulant state was still present at follow-up in 38 (37.3%), presenting one
or more of the following conditions: fibrinogen levels > 400 mg/dL in 7 (6.9%) patients;
D-Dimer > 500 ng/mL in 28 (27.4%) patients; platelet count > 450,000 cells/μL in 17
(15.8%) patients, AT activity < 70% in 4 (3.9%) patients, and ClotPro EXtest maximum lysis
(ML) < 2% in 7 (6.9%) patients.

Table 1. Patient population (N = 102) details during the acute phase of the disease and at follow-up.

ACUTE PHASE

Item Value

Age at hospital admission (years) 63.8 (13.1)
Gender male 67 (65.7%)
Weight (kgs) 80.4 (17.8)
Body mass index (kg/m2) 27.6 (5.4)
Hospital stay (days) 14 (10–23)
Unit of admission

Ward 97 (95.1%)
Intensive Care Unit 5 (4.9%)

Vaccination (at least 2 doses) 15 (14.7%)
Obesity 24 (23.5%)
Arterial hypertension 44 (43.1%)
Diabetes 15 (14.7%)
Coronaropathy 12 (11.8%)
Heart failure 6 (5.9%)
Smoking habit

No 50 (49%)
Previous 48 (47.1%)
Ongoing 4 (3.9%)

Atrial fibrillation 7 (6.9%)
Active cancer previous 5 years 9 (8.8%)
Chronic obstructive pulmonary disease 5 (4.9%)
Chronic kidney failure 6 (5.9%)
Previous cerebrovascular accident 3 (2.9%)
Anxiety 16 (15.7%)
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Table 1. Cont.

ACUTE PHASE

Item Value

Depression 12 (11.8%)
Chronic liver failure 3 (2.9%)
Therapy

Beta-blockers 17 (16.7%)
Angiotensin converting enzyme

inhibitors 13 (12.7%)

Sartans 8 (7.8%)
Warfarin 2 (2%)
Direct oral anticoagulants 3 (2.9%)
Antiplatelet agents 18 (17.6%)
Calcium antagonists 14 (13.7%)
Statins 15 (14.7%)

Laboratory exams (acute phase)
Peak fibrinogen (mg/dL) 611 (152)
Peak D-dimer (ng/mL) 3118 (7620)
Peak platelet count (×1000

cells/μL) 329 (110)

Nadir platelet count (×1000
cells/μL) 180 (68)

Nadir antithrombin (%) 100 (15)
Procoagulant state at any time 99 (97.1%)

FOLLOW-UP

Item Value

Follow-up time (months) 17 (13–18.5)
Persistent major physical symptoms 60 (58.8%)

Fatigue 50 (49%)
Dyspnea 44 (43.1%)
Cough 13 (12.7%)
Fever 2 (2%)

Persistent major neuropsychological symptoms 44 (43.1%)
Anxiety 23 (22.5%)
Depression 21 (20.6%)
Memory dysfunction 34 (33.3%)
Brain fog 10 (9.8%)

Anticoagulant/antiplatelet therapy
Dual antiplatelet therapy 4 (3.9%)
Warfarin 1 (1%)
Direct oral anticoagulants 7 (6.9%)

Procoagulant state after hospital discharge 38 (37.3%)
Data are mean (standard deviation), median (interquartile range) or number (%).
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The probability of a persistent procoagulant state during follow up is shown in Figure 1
(cubic regression analysis, R2 0.415, p = 0.001). Overall, a persistent procoagulant state was
still present in 75% of the patient population at 3 months, 50% at 6 months, and 25% at 12
months of follow-up, with a slight increase to 35% at 18 months. The R2 value justifies 41%
of the follow-up time based relationship, and there are certainly other factors affecting the
persistence of a procoagulant state. Among these, persistence of MPS carries a higher rate
of a procoagulant state (46.7% vs. 23.8%, relative risk 2.8, 95% confidence interval 1.17–6.7,
p = 0.019), whereas persistence of MNS did not (40.9% vs. 34.5%). Among the acute phase
factors, only age class and the severity of the disease were significantly associated with a
procoagulant state at follow up (Figure 2). For increasing age higher than 50 years, there is
a significant (p = 0.001) incremental increase of the procoagulant state rate, up to 90% in
elderly people (> 80 years), and the severity of the disease carries a significant (p = 0.05)
impact on the procoagulant state rate, especially for patients with a severe pattern that
show a risk of procoagulant state at follow up that is almost double the risk for mild to
moderate patterns of the disease in the acute phase.

Figure 1. Probability of the persistence of a procoagulant state. Cubic regression function with 95%
confidence interval bands.

(A) 

Figure 2. Cont.
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(B) 

Figure 2. Rate of procoagulant state persistence based on the age at acute phase stage (Panel (A)) and
severity of the acute phase disease (Panel (B)).

Table 2 reports the hemostatic profile of the patients at follow up, according to the
presence of persistent MPS or MNS. Patients with MPS had significantly (p = 0.021) higher
levels of fibrinogen and of MCF (maximum clot firmness) at the INtest (p = 0.026), with a
reduced ML (maximum lysis) at both the EXtest (p = 0.005) and the INtest (p = 0.006), and a
longer lysis time at the TPAtest (p = 0.033). Patients with MNS had a significantly longer
lysis time at the TPAtest (p = 0.012). Overall, the general pattern of patients with persistent
symptoms is representative of an increased clot firmness, mainly due to fibrinogen contri-
bution, with an impaired fibrinolysis. D-Dimer levels were not different between patients
with or without persistent symptoms. Overall, individual and mean standard coagulation
data of the patient population are reported in Figure 3. The most evident finding is the
presence of high levels of D-dimer in about 30% of the patients. Figure 4 reports the main
differences between patients with or without persistent symptoms with respect to VET. For
both persistent MPS and MNS, there is evidence of a decreased fibrinolysis with respect to
asymptomatic patients.

A sensitivity analysis was conducted on patients with (n = 44) or without (n = 58)
persistent dyspnea. Patients with persistent dyspnea had significantly lower values of
EXtest ML (4.4% ± 2.3 vs. 5.6% ± 2.6, mean difference 1.2, 95% confidence interval 0.22
to 2.2, p = 0.017) and of INtest ML (3.9% ± 2.1 vs. 5.3% ± 2.6, mean difference 1.42, 95%
confidence interval 0.47 to 2.38, p = 0.004). The severity of the disease in the acute phase did
not affect the fibrinolysis at the EXtest ML (5.3 % ± 2.3 for non-severe cases vs. 4.5% ± 2.9%
for severe cases, p = 0.172) but affected the fibrinolysis at the INtest ML ((5 % ± 2.4 for
non-severe cases vs. 3.9% ± 2.6% for severe cases, p = 0.033). When corrected for the
severity of the disease, persistent dyspnea remained independently associated with a
reduced fibrinolysis both at the EXtest ML (p = 0.028) and at the INtest ML (p = 0.002).
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Figure 3. Individual and mean standard coagulation data at follow up. Green area is the normality range.

Figure 4. Individual and mean values of fibrinolysis according to the presence of major physical
symptoms (MPS) and major neurological symptoms (MNS). Green area is the normality range. No
defined normal range exists for TPAtest.
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3. Discussion

The main results of our study are (i) persistent hemostatic changes are detectable in
37% of patients hospitalized for COVID-19 at a median follow-up of 17 months; (ii) the
main pattern is suggestive of an ongoing fibrinolytic process; and (iii) patients with residual
MPS (especially persistent dyspnea) and MNS have significantly lower levels of fibrinolysis.
The severity of the disease partially affects the fibrinolysis shutdown.

Much is known about the procoagulant profile of COVID-19 patients during the acute
phase of the disease. Much less is known about the short- and long-term sequelae of this
pattern. Persistent organ dysfunction, even after several months from the acute phase, has
already been observed, and this is a reasonable finding, considering that organs directly
(lung) or indirectly (heart, brain, kidney) and severely damaged by the disease take time to
recover, and may even not recover at all. Conversely, the hemostatic system is a dynamic
structure comprising proteases, glycoproteins, proteins, and cells. All these components
are continuously re-synthesized by the liver and the bone marrow, so once the acute insult
represented by the inflammatory reaction to virus or bacterial sepsis is overcome, it could
be logical to assume that the system comes back to normal, unless in the presence of an
ongoing or unresolved process elsewhere in the human body.

Actually, the information on the coagulation profile in long-COVID patients is scarce and
mainly limited to short-term follow up. Townsend and associates [19] studied 150 COVID-19
patients at a median of 80 days from the diagnosis, both hospitalized and outpatients. The
mean D-Dimer was 327 ng/mL (lower than in our series), with 25% of the patients showing
abnormally elevated values (27% in our series). Elevation of D-Dimer was more frequent in
older patients and in those with severe acute disease. Our results are basically in agreement
with these findings, and the difference in mean D-Dimer values is probably to be ascribed to
the different patient population (100% hospitalized in our series vs. 55% in Townsend’s series).
Of notice, our follow-up time was 6-fold longer, thus demonstrating that elevated D-Dimers
persist over time. Kalaivani et al. [18] checked the D-Dimer levels after 3 and 6 months from
the acute phase. After 3 months, 42% of the patients had elevated (>500 ng/mL) D-Dimer
levels, with a decrease to 32% at 6 months. These results, again, confirm our finding both
in terms of the incidence and the persistence of elevated D-Dimer levels. These rates were
found in a population of patients with long-COVID symptoms, and are in-line with our rates
of the procoagulant pattern in patients with persistent MPS. A more sound analysis of the
coagulation profile at a mean follow up of 12 months after the acute phase was offered by Fan
et al. [20], but, unfortunately, in a small series of 39 patients, of whom only 9 suffered a severe
pattern of the disease. When compared to a control group, these patients showed significantly
higher D-Dimer levels and Factor VIII activity, and a significantly lower AT activity. Thrombin
generation and markers of endotheliopathy were significantly higher in long-COVID patients.
An increased thrombin generation and endothelial cell activation is confirmed at a 2-month
follow up by the study of Gerotfiazas et al. [21], and by von Meijenfeldt et al. [22] at a 4-month
follow up in a series of 29 patients, which found an increased thrombin generation and
an inhibition of fibrinolysis induced by high levels of plasmin activator inhibitor. Finally,
increased levels of antiplasmin were identified in long-COVID patients by Pretorius et al. [23].

Overall, the combined information coming from both our and previous studies is
suggestive of persistent or even ongoing micro-thrombi formation and fibrinolysis. This
pattern may derive from (i) a continuous process of fibrinolysis of thrombi formed during
the acute phase and (ii) an ongoing thrombi formation triggered by endothelial dysfunction
and thrombin generation. Of notice, in both our and previous studies, this pattern is more
frequent in elderly patients, in those with severe patterns of the disease during the acute
phase, and in those with a persistence of major physical symptoms. These results stress
the role of the patient-related procoagulant state (a common feature in elderly patients) as
well as disease-related procoagulant conditions (more pronounced in severe states during
the acute phase). This complex pattern includes an apparent paradox: high levels of
fibrin degradation products (D-Dimer) and a concomitant blunting of fibrinolysis. This
condition, which was observed even during the acute phase of the disease, has been
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interpreted in terms of a fibrinolytic process that is present but inadequate to completely
counteract the overwhelming amount of fibrin generated by the thrombin burst [2]. Nielsen
et al. [24] proposed a very sound and interesting theory to explain the fibrinolysis paradox
in COVID-19 patients. They hypothesized that, since the lungs are the primary location of
fibrin breakdown and the main source of the D-dimer found in the systemic circulation,
hyperfibrinolysis can occur in the pulmonary extra- and intravascular compartments while
a systemic hypofibrinolytic state co-exists.

There are many studies addressing thrombotic complications during the acute phase
of COVID-19. Tamayo-Velasco et al. retrospectively investigated 2894 patients in the
Spanish territory, detecting a rate of major thromboembolic events reaching 3.5%, with
a higher associated morbidity and mortality [25]. In an interesting propensity-matched
study, De Vita and associates compared thromboembolic events in COVID-19 versus
other kinds of infectious respiratory diseases [26]. Before adjustment for the confounders,
the thromboembolic event rate was significantly (p = 0.001) higher in non-COVID-19
patients (6.9%) than in COVID-19 patients (4.7%); however, after propensity matching, this
difference lost significance.

How this long-lasting condition may evolve into clinically relevant effects (namely
thrombotic or thromboembolic events) remains an unsolved issue.

Follow-up studies of COVID-19 patients have addressed the incidence of deep vein
thrombosis and pulmonary embolism. In a large nationwide study conducted in Swe-
den [27], patients who tested positive for SARS-CoV-2 were matched to tested negative
and were followed for 180 days after the acute phase. The authors found that there was a
significant increased incidence rate of deep venous thrombosis and pulmonary embolism,
and that the risk of thromboembolic events was higher in patients who experienced a
severe pattern of COVID-19. In a series of 83 patients with persistent respiratory symptoms
after 2 months from the acute phase, Iqbal et al. [28] found a pulmonary embolism rate of
12.5%. Indirect signs of pulmonary vessel microthrombosis were investigated in a wide
series of 767 patients studied 3 months after the acute phase [29]. Impaired lung diffusion
was found in 17% of the patient population, and many case reports of pulmonary embolism
were reported in long-COVID patients [30]. Pulmonary angiogram in long-COVID patients
has been suggested following a specific algorithm based on persistence of respiratory symp-
toms, lung diffusion tests, and perfusion imaging [31]. The hypothesis that lung vasculature
could be the main site of thrombus formation or deposition is supported, in our series, by
the finding of significantly higher levels of D-Dimer in patients with persistent dyspnea.

In conclusion, the hemostatic system continues to react to the residual effects of the
COVID-19 in a considerable amount of patients, even several months after the acute phase.
Unfortunately, there are no studies linking the finding of a long-term procoagulant pattern
to overt clinical manifestations. This kind of study would require patient populations
larger than the one in our and previously published series, but could provide important
information to trigger pre-emptive pharmacological strategies in patients with a long-
lasting procoagulant profile.

4. Materials and Methods

This is a single-center, prospective cohort study conducted at the IRCCS San Donato,
a Clinical Research Hospital partially funded by the Italian Ministry of Health. The Local
Ethics Committee (San Raffaele Hospital) approved the experimental design on March 9,
2022, registry number 28/INT/2022. All the patients gave written informed consent. The
study has been financed by a grant from the Italian Ministry of Health, within the research
projects of the Cardiac Network of the Italian IRCCS (Clinical Research Hospitals). The
primary endpoint of this study was the identification of the hemostatic system profile and
its link with the acute phase pattern and the persistence of major physical and neuropsy-
chological symptoms from 3 all the way up to 12–18 months from hospital discharge.
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4.1. Patient Population and Study Procedures

The patients were recruited through a first telephone contact, and those who were
reachable and agreed to participate received a date for the study procedure at our hospital.
The eligible patient population was represented by subjects hospitalized at our Institution
with a diagnosis of COVID-19 infection between 1 January 2021 and 31 July 2022. The
planned patient population was 100 patients. The final patient population comprised
102 subjects.

4.2. Data Collection and Definitions

Data collection was based on (i) retrieval of the relevant data from the original patient’s
files, (ii) a personal interview conducted in a hospital office by dedicated biologists and
medical doctors, and (iii) the coagulation parameters measured through standard laboratory
tests and viscoelastic tests.

The following items regarding the acute phase hospitalization were collected: demo-
graphics (with age classes ≤ 50 years, 51–60 years, 61–70 years, 71–80 years, and > 80 years);
disease severity (mild: no oxygen therapy; moderate: nasal oxygen or oxygen mask; severe:
non-invasive or invasive ventilation), hospital stay, unit of admission, vaccination (2 doses)
at the time of hospital admission; co-morbidities (obesity, hypertension, diabetes, history of
coronary disease, heart failure, atrial fibrillation, chronic obstructive pulmonary disease,
asthma, active cancer, chronic kidney failure, chronic liver failure, previous cerebrovascu-
lar accident, anxiety, depression); and therapy at the time of hospitalization; laboratory
exams (peak fibrinogen levels, peak D-Dimer, peak platelet count, nadir platelet count,
nadir antithrombin).

Follow-up items included: follow-up duration; any symptom after discharge; work
capacity reduced; fatigue, fever, cough, or dyspnea (these last four items combined as “Ma-
jor physical symptoms”—MPS); and chest pain, arrythmias, headache, sleep disturbances,
anxiety, depression (not pre-existing or worsened), memory dysfunction, brain fog, (these
last four items combined as “Major Neuropsychological Symptoms”—MNS), paresthesias,
muscle pain, joint pain, and sensorial deficit. For each symptom or combination of symp-
toms, there was a distinction between resolved and ongoing status. Details on ongoing
therapies acting on the hemostatic system at the date of follow up were collected.

A blood sample was collected during the same follow-up visit. The coagulation profile
was assessed both through standard laboratory analysis and a point-of-care analysis by
ClotPro (Haemonetics, Boston, MA, USA).

Standard laboratory assessment included coagulation tests (activated Partial Thrombin
Time, aPTT, seconds; international normalized ratio, INR; fibrinogen, mg/dL; D-dimer,
ng/mL; antithrombin activity, %) and platelet count (cells/μL).

ClotPro is a CE-marked semi-automatic viscoelastic in vitro point-of-care device fea-
turing the Active Tip™ technology with ready-to-use tips pre-filled with reagents and
working with 340 μL citrated blood. The system is composed by a stationary pin and a
rotating cup and a typical viscoelastic curve is produced as the clot develops. Samples were
analyzed within 30 min of blood draw. Four kind of tests were performed: EXtest (tissue
factor activated), INtest (ellagic acid activated), FIBtest (functional fibrinogen), and TPAtest
(r-tPA induced fibrinolysis with extrinsic pathway activation). For the EXtest, INtest, and
FIBtest, the following parameters were considered: CT (coagulation time, seconds), MCF
(maximum clot firmness, mm) and ML (maximum lysis, %). For the TPA test, the LT (lysis
time, time required to dissolve 50% of the MCF of the clot once MCF is reached, seconds)
and ML (%) were included in the analysis. Data were collected in an electronic platform
(Research Electronic Data Capture–RedCAP).

4.3. Statistical Analysis

Data are shown as number (percentage), mean (standard deviation), or median (in-
terquartile range), as appropriate. The differences between categorical variables were
assessed using a Pearson’s chi square, while differences in continuous variables were
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explored with a student’s t test (normally distributed variables) or a non-parametric test
(non-normally distributed variables). The association between the duration of the follow-up
(months) and the persistence of a procoagulant profile was assessed using polynomial
function regressions (best fit based on R2 value) with a 95% confidence interval. For the
statistical calculations and graphical support, data were exported from RedCAP into statis-
tical packages (SPSS 20.0, IBM, Chicago, IL, USA and GraphPad 9.2.0, GraphPad Software,
Inc., San Diego, CA, USA). For all tests, a p value < 0.05 was considered significant.
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Abstract: Chronic inflammation and endothelium dysfunction are present in diabetic patients.
COVID-19 has a high mortality rate in association with diabetes, partially due to the develop-
ment of thromboembolic events in the context of coronavirus infection. The purpose of this review
is to present the most important underlying pathomechanisms in the development of COVID-19-
related coagulopathy in diabetic patients. The methodology consisted of data collection and synthesis
from the recent scientific literature by accessing different databases (Cochrane, PubMed, Embase).
The main results are the comprehensive and detailed presentation of the very complex interrela-
tions between different factors and pathways involved in the development of arteriopathy and
thrombosis in COVID-19-infected diabetic patients. Several genetic and metabolic factors influence
the course of COVID-19 within the background of diabetes mellitus. Extensive knowledge of the
underlying pathomechanisms of SARS-CoV-2-related vasculopathy and coagulopathy in diabetic
subjects contributes to a better understanding of the manifestations in this highly vulnerable group
of patients; thus, they can benefit from a modern, more efficient approach regarding diagnostic and
therapeutic management.

Keywords: COVID-19; thrombosis; coagulopathy; vasculopathy; inflammation; diabetes mellitus

1. Introduction

Diabetes mellitus (DM) is a major and common public health issue in both developed
and developing countries, due to its high mortality rate and induced disabilities.

COVID-19 is caused by the SARS-CoV-2 virus, and since its appearance it became a
public health problem due to its rapid spread, the severity of the symptoms, and increased
mortality, causing a pandemic, with serious medical, social, and economic consequences
globally [1–3].

Chronic inflammation, present in DM, enhances the synthesis of several cytokines. This
chronic inflammatory state is preceded by a subclinical inflammatory response, represented
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by elevated IL-1β and IL-6 before the onset of T2DM [4]. Multiple studies reported during
the pandemic that severe forms of COVID-19 are associated with elevated inflammatory
markers, and comorbidities [5–8].

Endothelial dysfunction is also a consequence of DM and leads to micro- and macroan-
giopathy, and concomitantly to hypercoagulability [9].

Scientists had reported from the beginning of the pandemic the association of throm-
bosis and hypercoagulability with COVID-19, and the urgent need to understand the
underlying mechanism for adequate management [10–12]. COVID-19-associated coagu-
lopathy (CAC) is potentially lethal and can lead to disabilities [13–16]. To prevent severe
complications and reduce the mortality of COVID-19 patients, targeted therapies for the
associated pathologies are required.

The authors have undertaken to write a review that integrates the mechanisms of
COVID-19 coagulopathy in patients with type 2 diabetes mellitus (T2DM). To synthesize
the paper, a comprehensive literature search on PubMed, Embase, and Cochrane Library
was performed, using the following keywords: “SARS-CoV-2”, “T2DM”, “COVID-19 and
diabetes mellitus”, “coagulopathy and T2DM”, “mechanism”, “inflammation” “cytokine
storm”, “gene polymorphism”, “COVID-19 and coagulopathy”, “hypercoagulability and
endothelial dysfunction”, “role of MASP-2 and COVID-19 hypercoagulability”, “comple-
ment activation and COVID-19”. Open-access, full-text English language articles published
between the 1st of January 2020 and the 2nd of December 2022 were accessed. The first
search included clinical trials, meta-analyses, and randomized controlled clinical trials, and
returned 1126 results. In the second step, we narrowed our search area by screening the
articles using titles and abstracts, reducing the number of articles to 200. After eliminating
duplicates, full-text analysis and further reduction occurred, and finally, 101 manuscripts
were selected and integrated into this review, without taking into consideration the scientific
impact or citation numbers of each article.

The authors aimed to assess the links between the altered molecular pathways of
coagulation on the background of chronic low-grade inflammation of diabetes mellitus and
the pathomechanisms of COVID-19-associated coagulopathy and extreme inflammatory
response. The secondary goal was to identify possible mechanisms that may be responsible
for the higher risk of severe COVID-19 progression in diabetic patients.

The originality of the article is derived from the multiple interactions presented, which
are involved in the pathomechanism of COVID-19-related vasculopathy and coagulopathy
in type 2 diabetic patients. Novel research results are included, based on the latest articles
in scientific literature, and the connections between different pathways are presented in the
text and on a complex, original diagram.

A limitation of the study is the lack of long-term experience in basic research related
to COVID-19 mechanisms, taking into consideration the relatively recent occurrence of this
special epidemiological situation of the coronavirus pandemic. Another limitation is that
exclusively open-access articles were used and the authors used only articles written in
English, so data that were published in other languages or not in open access were not
included in this review.

2. The Pathophysiology of COVID-19 and T2DM Coagulopathy

2.1. The Pathways of Diabetic Endothelial Dysfunction

The most common form of diabetes is T2DM, a heterogeneous disorder, characterized
by relative insulin deficiency, and insulin resistance in target tissues. Insulin resistance
could be the key mechanism in the development of T2DM and other pathologies, such as
hypertension, obesity, coronary artery disease, and metabolic syndrome [17]. The lack of
insulin response is the result of the decrease of insulin receptors on the target cell’s surface.
Some authors have reported that altered endothelial cell signaling and activation of redox
regulated transcription factors are contributors as well [18,19]. Normally, insulin binding
to its receptors activates two major signaling pathways: the phosphatidylinositol 3-kinase
(PI3K)-dependent insulin signaling pathway and the mitogen-activated protein kinase
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(MAPK)-dependent insulin signaling pathway. PI3K is responsible for metabolic changes
and is regulating glucose transporter type 4 (GLUT4) translocation in adipose cells, while
MAPK regulates mitogenesis, growth, and differentiation [17]. Endothelial production
of nitric oxide (NO) is regulated by a PI3K-dependent insulin signaling pathway, with
a vasodilator effect, also enhancing glucose uptake of skeletal muscles [17]. It was also
described that insulin stimulates endothelin-1 (ET-1) secretion via the MAPK signaling
pathway, leading to vasoconstriction. In T2DM, the overproduction of advanced glyca-
tion end products (AGEs) and inflammatory cytokines contribute to the development of
macroangiopathy, and its main form, atherosclerosis. It was also described that oxidative
stress and excess production of reactive oxygen species (ROS) are the consequences of the
activated major pathways involved in the development of diabetes- related complications:
polyol pathway, protein kinase C (PKC) isoforms, excess formation of AGEs, increased
expression of AGEs receptor and its activating ligands, and overactivity of the hexosamine
pathway [20–22]. Hyperglycemia in T2DM is also responsible for endothelial dysfunction
as the consequence of insulin resistance and excessive production of ROS [17]. Oxidative
stress will lead to decreased antioxidant effect and excess synthesis of hydrogen peroxide
anion, which directly deactivates NO, resulting in decreased NO activity [20]. ROS in
excess can induce epigenetic changes. All these mechanisms can be the common links
between the development of diabetes, chronic inflammatory response, and cardiovascular
diseases (CVD). Cardiovascular complications are present in approximately 80% of T2DM
patients [18].

Vascular complications of T2DM include macrovascular, microvascular, cerebrovascu-
lar lesions, and peripheral artery disease [18,23].

Macrovascular arteriopathy can affect the central and peripheral arteries, while mi-
crovascular diseases affect the small blood vessels in multiple organs, leading to chronic
kidney disease (CKD), retinopathy, and the most common type, peripheral neuropathy [24].

The vascular endothelium secretes vasoactive substances to maintain vascular home-
ostasis by regulating vasoconstriction and vasodilation. Angiotensin II (AT-II), throm-
boxane A2, and ET-1 have vasoconstrictor effects, while prostaglandin I2 and NO are
vasodilators under physiological conditions [20].

The homeostasis of vascular function, especially blood pressure and volume control, is
under the regulation of the renin–angiotensin–aldosterone system (RAAS), but RAAS is also
known to be involved in local tissue homeostasis, with anti-inflammatory, anticoagulant,
antiproliferative, antifibrotic, and antiapoptotic effects on epithelial cells via the ACE2
activated Mas-receptor axis [25].

In T2DM, vascular homeostasis is disturbed by endothelial dysfunction, oxidative
stress, platelet hyperreactivity, and inflammation [26], causing alteration in the physico-
chemical properties of the vascular wall, and enhance the development of atherosclerosis.
All these events will aggravate thrombosis and hypercoagulability [27].

2.2. The Pathomechanism of Endothelial Dysfunction in COVID-19

SARS-CoV-2 infects human cells using the ACE2 receptor and a specific transmem-
brane serine protease 2 (TMPRSS2), for the priming of the spike protein [28].

ACE2 is expressed in various tissues and organs, including endothelium, lung, heart,
intestine, kidney, pancreas, and on the epithelial cells of oral mucosa and the tongue [29].
Reportedly, in T2DM patients the ACE2 receptors are upregulated. It has been hypothe-
sized by many that overexpression of ACE2 receptors in T2DM potentially increases the
susceptibility to COVID-19 [30,31].

Once SARS-CoV-2 binds to ACE2 receptors and blocks their activity, the RAAS will be
affected. Consequently, accumulation of angiotensin 2 (AngII) will occur, which triggers
intracellular signaling pathways (caspase 3, p83 MAPK, ROS, cytochrome C) [32], and leads
to vasoconstriction, increased oxidative stress, inflammation, cellular damage, and fibrosis.
The regulation of RAAS is influenced by the interaction between ACE2 and bradykinin
(BK). Normally, BK acts as a negative regulator of RAAS by dilating blood vessels via
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local NO release. BK is known for its anti-inflammatory and antioxidant properties and
has a role in regulating cytokine production and blood vessel permeability. It also has
a stimulating effect on plasminogen secretion and thrombus formation. In COVID-19,
the internalization of ACE2 will enhance the activation of different types of BK receptors,
leading to increased inflammation and local vascular hyperpermeability. Indirectly, it
may activate the coagulation cascade through the resulting endothelial damage [33]. The
activation of p83 MAPK can contribute to inflammation and oxidative stress, and the
activation of caspase 3 can lead to cellular death [33]. ROS formation will induce oxidative
damage to cells and tissues and will release cytochrome C from mitochondria, which
can trigger the activation of apoptotic signaling pathways and contribute to cell death as
well [34].

Nuclear factor kappa B (NF-κB) is a key molecule involved in the nuclear translocation
and activation of controlled genes. Overactivation of NF-κB will lead to the extensive syn-
thesis of proinflammatory mediators, uncontrolled inflammatory response, and eventually
to cytochrome storm, as observed in COVID-19 patients [35].

After the endothelial infection by the SARS-CoV-2, von Willebrand factor (vWF)
is released into the circulation. The vWF is stored in the Weibel–Palade bodies of the
endothelial cells. Platelet aggregation initiated by the increased release of vWF [14] will
generate a deposition of platelet-rich clots in the lung microcirculation. This event is the
key mechanism leading to respiratory failure [36]. Hypercoagulability will be sustained
because of the associated release of factor VIII [14], but it is also the consequence of the
virus replication within the endothelial cells. The infection causes endothelial cell death
and consequently, the endothelial damage will launch the procoagulant reaction [37].

CAC is characterized by clot formation in the lungs, and elevated D-dimer levels
at an early stage of COVID-19, but after the systemic activation of the coagulation and
the development of disseminated microthrombosis, multiple organs will be affected [38].
Post-mortem autopsy of severe COVID-19 patients found diffuse alveolar damage, and
inflammatory infiltrations with hyaline membrane formation in the lung, but also inflam-
mation of the myocardium, focal pancreatitis, axon injury, glomerular microthrombosis,
macrophage accumulation in the brain, and lymphocyte infiltrations of the liver [39].

COVID-19 infection determines endothelial activation by angiopoietin-2, a mediator
stored also in the Weibel–Palade body, which is released as well, showing elevated cir-
culating levels in COVID-19 and an association with the induction of procoagulant and
proinflammatory reactions [40].

2.3. Inflammatory Response in COVID-19

The development of inflammatory processes is a key pathological feature of SARS-
CoV-2 infection. From the early beginning of the pandemic, several studies have suggested
that massive inflammatory cytokines and chemokines are released in COVID-19 [41].

The innate immune system plays an important role, so proinflammatory cytokine
production is a desired phase of the immune response against a pathogen. However, in
some cases of COVID-19 infection, proinflammatory cytokine release and synthesis are
rapidly overactivated, leading to multisystemic damage to the infected host. Interleukin
(IL) 2 and 6 (IL-2, IL-6), tumor necrosis factor-alpha (TNF-α), interferon-gamma (IFN-γ),
macrophage inflammatory protein (MIP), and monocyte chemoattractant protein 1 (MCP-1)
are among many other cytokines that are present in seriously ill COVID-19 patients [42,43].

2.3.1. From Cytokine Formation to Cytokine Storm

During inflammation, IL-6-induced tissue factor is released by macrophages [44].
IL-6 is a proinflammatory cytokine that can stimulate the release of other cytokines

and activate immune cells, contributing to the overall systemic inflammation observed in
severe COVID-19 cases [45].

AngII triggers NF-κB activation, leading to hyperinflammation, mostly through in-
creased synthesis of IL-6 and IL-1b, and subsequently enhancing the transcription of
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proinflammatory cytokines. These interleukins presented extremely elevated levels in case
of severe COVID-19 [46,47].

The exaggerated expression of IL-6 and IL-6 receptor in COVID-19 leads to endothelial
cell hyperactivation and a large amount of tissue factor is released, both processes leading
to infection-induced coagulopathy. This event plays an important role in thrombocytopenia,
although the cytokine storm is the trigger of thrombocytosis. IL-6 is also participating
in the production of some coagulation factors (fibrinogen, factor VIII). Acting on the
endothelium, IL-6 enhances the synthesis of vascular endothelial growth factor (VEGF),
leading to vascular hyperpermeability and hypotension [48]. Additionally, other cytokines,
such as TNF-α, IFN-γ, and IL-1β, have also been implicated in the cytokine storm observed
in COVID-19 patients and can contribute to increased inflammation and hypercoagulability.

IL-6 and IL-1α have the crucial role of linking inflammation with the coagulation
system. During the proinflammatory phase, these cytokines are present on activated
platelets, monocytes, and endothelial cells. IL-1α has the role of activating the inflammatory
cascade in thrombo-inflammatory conditions, but is also a key element of thrombogenesis,
through its granulocyte recruitment effect, prolongation of clot-lysis time, and increasing
thrombocyte activity [43]. Combined with TNF, IL-1 is the most important mediator of
endogenous coagulation cascade suppression [44].

The exact mechanisms and interplay between cytokines in diabetes with SARS-CoV-2
infection remains an area of active research.

2.3.2. Complement Cascade Activation

The activation of the complement system following infection with SARS-CoV-2, as the
main participant of innate immunity plays an important role in thrombotic events, com-
bined with endothelium disturbances, thrombocytopenia, and bleeding, all representing
risk factors of poor clinical outcome [34].

The literature describes three pathways of complement activation (host–antigen con-
tact, antigen–antibody complex trigger, lectin pathway), all in the defense of the host,
leading to the synthesis of C3 and derivatives and activation of plasma proteins [49]. The
host–antigen contact will activate the first pathway, the activation of the second pathway
is caused by antigen–antibody complexes, and the third one is activated by the lectin
pathway, which will bind polysaccharides on antigen surfaces to host cells [50]. At this
point, the virus will invade host cells that express the ACE2 receptor and damage them,
causing a thrombotic–inflammatory response, which further activates the complement
system [51]. The particularity of COVID-19 is related to the lectin pathway component, the
mannose-associated serine protease 2 (MASP-2), with a key function of thrombin activation
and fibrin mesh formation. Complement cascade participants dysregulate the endothelial
cells, affecting the action of clotting cascade proteins [50].

In diabetic patients, the complement system, as an innate humoral defense, will
become dysregulated, with the consequences of chronic low-grade inflammation and
increased risk of infections [52].

Factor XII (FXIIa) activation has a trigger effect on complement complex C1. A
further procoagulant effect of complement activation is the initiation of thrombocyte
aggregation [53]. These pathomechanisms reveal a close relationship between complement
and coagulation cascade, leading to the reciprocal up-regulation of both processes.

In COVID-19 the complement (C3 and C5) is the mediator for developing inflamma-
tion [54]. The terminal C5b-C9 complement activation leads to a release of C3b and C5b
fragments, with a proinflammatory role [50]. C3b is involved in the opsonization process,
marking the SARS-CoV-2, to be destroyed by immune cells. It is important as well for
recruiting macrophages and neutrophils, which can release cytokines, signaling molecules
that coordinate the immune response. This will induce prostaglandin and leukotriene syn-
thesis, boosting further proinflammatory cytokine production. In some cases, the release of
cytokines can become excessive, leading to an overactive immune response [54].
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Normally, these processes occur with the purpose of self-defense of the host. However,
uncontrolled complement activation results in exaggerated inflammation and systemic
procoagulation status with the installation of disseminated intravascular coagulopathy and
cellular damage [50].

In the later stages of the complement cascade activation, C5b is involved in the
formation of the membrane attack complex (MAC). MAC formation has a role in direct cell
lysis. In COVID-19 patients, activation of C5b and formation of the MAC can contribute to
inflammation and tissue damage in the lungs and can induce the development of severe
symptoms and complications [55–57].

2.4. The Cytotoxicity of Neutrophil Extracellular Trap

Neutrophil extracellular trap (NET) release is a mechanism of the innate immune
response, as a result of the interaction with activated platelets. It occurs through the
explosive intravascular destruction of neutrophils and the release of nucleic substances
in the extracellular space, providing a source of extracellular histones with significant
cytotoxicity [58]. With the ability to trigger inflammation and thrombosis, NETs release into
the extracellular space oxidizes enzymes (NADPH oxidase, nitric oxide synthase) [44,59].

It has also been reported that NETs are among the main drivers of immune-thrombosis
in severe COVID-19 cases [60]. Some authors hypothesize that SARS-CoV-2 can directly
activate platelets through interaction with its surface spike protein [61], which triggers
the release of platelet granules containing proinflammatory and procoagulant factors.
Additionally, cytokine release as the result of the immune response to infected cells can
also contribute to platelet activation. In COVID-19, platelets are activated and play a role
in microvascular thrombosis, leading to serious complications such as acute respiratory
distress syndrome (ARDS) and multi-organ failure (MOF) [62].

From the outbreak of the SARS-CoV-2 pandemic, Nicolai et al., among others, hypoth-
esized that activated platelets might induce severe forms of NETosis in some COVID-19
patients with severe symptoms, leading to immune-thrombosis and higher mortality. The
team superfused neutrophils isolated from healthy patients with platelet-rich plasma from
severe COVID-19 patients and healthy subjects, revealing that the thrombocytes of severe
COVID-19 patients adhered at a significantly increased rate to neutrophils compared to the
controls [63].

The release of prothrombotic FXII, vWF, TF, and fibrinogen by NETosis will also lead to
a procoagulant microenvironment. Circulating histones will also activate further platelets
through their Toll-like receptors, resulting in clot formation [34].

NETosis is considered by a few authors to be a prothrombotic risk factor in COVID-
19. Thus, a possible therapeutic option for thrombosis risk mitigation is proposedly NET
inhibition using neutrophil elastase inhibitors and adenosine receptor agonists [64].

2.5. Hypercoagulability

The hypercoagulability present in T2DM will be enhanced by SARS-CoV-2′s binding
to the ACE2 receptor and the receptor’s internalization will alter ACE2 functionality.
Normally the enzyme binds to AngII, transforming it into angiotensin 1-7 (Ang1-7) peptide
with anti-inflammatory effects. Ang1-7 binds and activates a MAS-related transmembrane
G-protein coupled receptor (MRGPCR) [34], this reaction will assure anti-inflammatory,
antioxidant, and antithrombotic effects. The downregulation of ACE2 receptors will alter
RAAS leading to the above-mentioned hypercoagulability, but also hyper-inflammation,
hypertension, hypertrophy, and apoptosis [33].

Moreover, platelet dysfunction can also lead to hypercoagulable states [49]. Platelet
activation occurs through the initiation of angiotensin II type 1 receptor (AT1R) and its
release of plasminogen activator inhibitor 1 (PAI-1). Platelets are also triggered by the
altered ACE2R function [65]. Another important aspect is that platelets have MRGPCRs
that modify thrombosis via NO release, and this also contributes to clot formation. This may
be the explanation for the importance of platelet activation in COVID-19 coagulopathy [65].
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The interrelation between different factors and pathways involved in the development
of arteriopathy and coagulopathy in diabetic patients is presented in Figure 1.

Figure 1. Coagulopathy in DM and COVID-19 infection and the underlying molecular mechanisms.

Hypercoagulability assessment using routine laboratory parameters in COVID-19 and
T2DM is listed in Table 1.

Table 1. Laboratory findings of the most assessed parameters in severe COVID-19 and type 2 diabetic
patients [59].

Laboratory Parameters Severe COVID-19 Patient Type 2 Diabetic Patient

Hemoglobin Anemia—moderate to severe Normally unchanged or mild anemia

Platelets Thrombocytopenia Normal

Albumin Hypoalbuminemia Normal

ALT Increased May be increased due to comorbidities (fatty
liver disease)

LDH Increased May be mildly enhanced due to increased apoptosis

Troponin I Greater than 28 pg/mL May be mildly increased due to enhanced apoptosis

D-dimer Moderately increased Slightly increased

Prothrombin time Prolonged Normal

Activated partial thromboplastin time Prolonged Normal

Ferritin Greater than 300 μg/L Normal or decreased

In the clinical practice, for rapid assessment of CAC, a highly performant, point-of-care
laboratory method was introduced.

Rotational thromboelastometry (ROTEM) is a point-of-care viscoelastic method for
whole blood analysis, providing real-time information about clot formation, firmness, and
fibrinolysis in severely ill patients and it is useful to identify a hypercoagulable state related
to sepsis, COVID-19 [66–68]. Several ROTEM tests can be performed depending on the
added substrate along with phospholipids and calcium. The extrinsic coagulation pathway
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is assessed using rotational thromboelastometry (EXTEM), which is initiated by adding
a tissue factor. To assess fibrinolysis, fibrinogen rotational thromboelastometry (FIBTEM)
is used, and it differs from EXTEM by using cytochalasin D, which inhibits the platelet
cytoskeleton, so the whole clot formation depends on fibrinogen [66].

Point-of-care hemostasis assessment in severe COVID-19 with ROTEM is represented
in Table 2 and Figure 2, containing measured parameters, definitions, and levels in se-
vere COVID-19.

Table 2. Results of rotational thromboelastometry (ROTEM) in severe COVID-19 patients.

Parameter, UNIT Definition Reference Range Levels in Severe COVID-19

Clotting time (CT), seconds

The time between the beginning
of the coagulation and the

increase in the amplitude of the
thromboelastogram by at least

2 mm

EXTEM:
38–65 s

FIBTEM:
55–87 s

EXTEM:
59 (32–128) mm

FIBTEM:
66 (36–178) mm

Clot Formation Time (CFT),
seconds

Time from the increase in the
amplitude of

thromboelastogram from 2 to
20 mm

EXTEM:
42–93 s

EXTEM:
47 (27–157)

Maximum Clot Firmness
(MCF), millimeters

Maximum amplitude reached
on the thromboelastogram

EXTEM:
53–68 mm
FIBTEM:
9–27 mm

EXTEM:
65 (4–74) mm

FIBTEM:
28 (9–42) mm

Alpha angle, angle The slope of the tangent at
2 mm amplitude

EXTEM:
63–83◦

EXTEM:
78 (68–83)◦

Maximum lysis (ML), percent The measure of fibrinolysis EXTEM:
1–12%

EXTEM:
2 (1–13)%

Notes: EXTEM—extrinsically activated test, that is performed by the addition of tissue factor to the sample.
FIBTEM—fibrin-based extrinsically activated test, performed with the addition of tissue factor and platelet
inhibitor cytochalasin D. CT—clotting time. MCF—maximum clot firmness. CFT—clot formation time.

 
Figure 2. ROTEM parameters in COVID-19 Laboratory parameters and their association with the
most frequent pathways in CAC are presented in Table 3.
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Table 3. Laboratory findings associated with thrombosis in intensive care unit COVID-19 patients [34,45,59].

Coagulation Biomarkers Platelet Activation Biomarkers Inflammation Biomarkers

D-dimer—increased
Thromboxane B2—increased levels

associated to thrombosis and
higher mortality

Extreme CRP levels—higher in patients
with thrombosis compared to those

without this complication

Fibrinogen—either increased or
decreased

P-selectin- increased levels associated to
thrombosis and higher mortality

Procalcitonin—higher in patients with
thrombosis compared to those without

this complication

Degradation products of
fibrin/fibrinogen
Increased values

Soluble CD40 ligand—increased levels
associated to thrombosis and

higher mortality

Erythrocyte sedimentation
rate—high levels,

higher in patients with thrombosis
compared to those without

this complication

Von Willebrand Factor
Increased values

Mean platelet volume—increased levels
associated to thrombosis and

higher mortality

Ferritin—higher in patients with
thrombosis compared to those without

this complication

Prothrombin time, activated partial
thromboplastin time—prolonged by 3 s

(PT) and by 5 s (APTT)

Platelet count—thrombocytosis

The markers of the hypercoagulable state are as follows: shortened CT and higher
MCF EXTEM and FIBTEM, shorter than normal EXTEM CFT, and higher alpha-angle [69].
Hypercoagulability could be assessed by ROTEM in 61% of cases [70].

ROTEM would be an appropriate point-of-care method for adequate assessment
of coagulopathy, facilitating the work of clinicians to choose the most suitable therapy,
applied individually based on the bedside results [66–68,70]. Furthermore, according
to Schrick D. et al., ROTEM assays could also reveal platelet reactivity to antiaggregant
therapy, and a lower reactivity was found to be associated with higher rates of lethal
outcomes in severe COVID-19 cases [71].

2.6. The Importance of Genetic Background

The novel coronavirus breakout and pandemic have intensified the need for genetic
investigations related to gene expression for a better understanding of the underlying
pathomechanisms of SARS-CoV-2 and its genetic association with different diseases [72,73].

SARS-CoV-2 is a coronavirus of bat origin, causing a disease with various symptoms,
from mild fever, cough, and sore throat in some patients or severe pneumonia, ARDS, and
even septic shock or MOF in other individuals [74].

The intracellular pathogenicity of viruses makes them dependent on host cells, but
it also suggests a virus–host protein–protein interaction (PPI). These PPIs have been the
focus of recent analyses. The identification of the most common human proteins known
to interact with coronavirus could provide a better understanding of the mechanism of
COVID-19 and may suggest therapeutic strategies or drug combinations [75,76].

Using a network-based strategy, which incorporates gene expression profiling, gene
ontologies, and PPI analysis, RNA-Seq scientists can identify molecular interactions be-
tween virus and host during the development of the infection and establish adequate
treatment methods. RNA-Seq is a next-generation sequencing technology to measure gene
expression with a high level of accuracy [76].

According to a study conducted by Islam et al. in 2021, cytokine activity and cytokine-
mediated signaling pathways were predominant in COVID-19-associated T2DM. Sim-
ilarly, TNF signaling pathway and cytokine–cytokine receptor interaction were found
“enriched” [73].
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The most frequently reported pathways were TNF and IL-17 signaling pathways,
cytokine–cytokine receptor interactions, and photodynamic therapy-induced NF–κB survival.
According to Ouyang et al., the TNF pathway is hyperactivated in severe COVID-19 [77].
On a background of T2DM, there is a direct involvement of TNF-α, through reduction of
the insulin metabolism-related GLUT4 expression. Moreover, this phenomenon is also
concomitant with insulin receptor inhibition by the serine phosphorylation of insulin
receptor substrate-1 (IRS-1) [73]. IL-17, one of the principal triggers of cytokine storm in
COVID-19, is released by the activation of the T-helper 17 lymphocyte (Th17) [55,78]. The
IL-17 pathway has an insulin resistance-promoting effect, which is worsening the cytokine
storm through AT1R excitation, leading to enhanced NO synthesis in diabetes [79,80].

CCL20 was found to have increased levels in the COVID-19-related cytokine storm,
obesity, and insulin resistance. In pancreatic β-cells, CCL20 is regulated by NF–κB sub-
units. FOSL1 TF protein downregulates type I interferon (IFN-1) response, effective in the
protection against viral infections [81], thus leading to viral susceptibility.

A study by Islam et al. identified 11 micro-RNAs (miRNAs) with shared pathogenetic
potential between COVID-19 and diabetes: miR-1-3p and miR-20a-5p [73]. The miR-34a-5p
miRNA decreases the antiapoptotic BCL2 protein, leading to increased glucose-mediated
cardiomyocyte apoptosis [82]. Up-regulated miR-34a-5p is related to acute myocardial
infarction causing heart failure [73]. In COVID-19, some prevalent miRNAs have been
found to be associated with asthma (miR-155-5p, miR-16-5p) and other lung diseases (let-
7b-5p). As a response to infection, miR-146a expression is induced by NF-κB. This will
negatively affect IL-1 and TNF-α receptors so they attenuate inflammation. It has been
shown that β-cell miRs are causing islet inflammation, leading to miR-146a-5p expression,
which has down-regulated islet inflammation and beta-cell death by impairing NFκB and
MAPK signaling [83]. The consequence of downregulated circulating miR-146 is hyper-
inflammation in different organs [84]. Donyavi et al. have found that some miRNA can
be used as biomarkers for the diagnosis of acute COVID-19 and to distinguish the acute
phase from the post-acute form of COVID-19. The identified and suggested miRNAs as
biomarkers were: miR-29a-3p, miR-155-5p, and miR-146a-3p. Thus, the connections between
transcription factors and miRNAs with the pathogenesis of COVID-19 and diabetes may
provide a better understanding of severe COVID-19 in diabetic patients [85,86].

The products of several genes involved in hyperglycemia, cytokine release, hormonal
signals, receptor binding, and enzyme activities are interconnected and can influence the
pathomechanism of COVID-19 and its complications in diabetic patients [87]. Genetic poly-
morphisms affecting ACE2 receptors, the cytochrome p450 system, or the cytoprotective
heme oxygenase can complicate the treatment of COVID-19 by enhancing a proinflamma-
tory and prooxidant state, increasing the cytokine storm and inducing a prothrombotic
state [88].

Iessi et al. suggested that sex-related differences in the immune response may be
transmitted via mitochondrial DNA, which could be responsible for the inferior function
of male mitochondria and the observed reduced immune response in males [89]. The
difference in immune response related to sex may also be explained by the bi-allelic
expression [90] of X-linked genes encoding inflammatory mediators or receptors. Viveiros
et al. suggested that due to the presence of the ACE2 gene on the X chromosome, which is
considered as an X-gene escape, theoretically, women would have a double dose of ACE2,
compensating for virus-mediated membrane ACE2 loss. However, ACE2 regulation is
under the control of proteolytic cleavage and miRNAs; thus, the expression of ACE2 may
not correlate with enzyme activity [90]. Gemmati et al. also hypothesized that women, due
to the presence of two X-chromosomes, may have an advantage compared to men, based
on their better adaptability to infectious diseases, such as COVID-19 [41].

The role of hyperglycemia in the development of cardiovascular diseases can be
partially related to genetic background, although there is limited evidence. More than
150 loci showed association with coronary artery disease in the general population, and
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some of these loci (such as 9p21) were clearly demonstrated to be involved in increased
cardiovascular risk of diabetic patients, especially in case of poor glycemic control [91].

Certain pathomechanisms of diabetes are closely related to specific genetic and bio-
chemical features, causing inflammation, fibrosis, apoptosis, and the release of ROS enhanc-
ing factors. Modified histone proteins, methylation of the genetic material, and modulation
of microRNA expression are epigenetic changes which can regulate diabetic vascular com-
plications despite adequate glucose control, or major signaling pathways in T2DM [18,92].

A bidirectional genetic interaction is described in the scientific literature between the
human and viral genome during COVID-19. SARS-CoV-2 viral microRNAs can target
different genes of the host organism (such as the ADIPOQ gene, playing an important role
in metabolic syndrome) and human microRNAs were suggested to potentially target viral
genes [93].

3. Summary

COVID-19 is characterized by coagulopathy and hemostatic imbalance.
Scientific evidence allows us to formulate the hypothesis that COVID-19-induced co-

agulopathy in T2DM develops more likely based on pre-existing vascular and metabolic
disturbances through the pathomechanisms of the viral infection (intense cytokine release, en-
dothelial dysfunction associated to infection, hyperinflammation, and hypercoagulable state).

Glycemic control will be a priority, not only for CVD protection, but also because
ACE2 is present on pancreatic beta-cells as well, and pancreatic inflammation, induced
by the cytokine storm, can lead to insulin resistance [94]. Several studies reported higher
ACE2 expression in females, and decreasing ACE2 expression in elderly patients, which
will be severely altered in the presence of DM. It was also reported that the cytokine storm
has a repressing effect on ACE2 leading to severe outcomes [95].

It has been reported that chronic inflammation in T2DM will promote platelet activa-
tion leading to hypercoagulability. In T2DM the underlying condition, i.e., excessive level of
proinflammatory cytokines and low level of anti-inflammatory cytokines, leading to an im-
munocompromised state, together with metabolic imbalance may be the explanation for the
severe outcome of T2DM patients infected with SARS-CoV-2 [96]. The ROTEM method is a
proper diagnostic tool for rapid evaluation of hypercoagulable state in COVID-19-related
sepsis, which could be applied on a large scale.

B-cell proliferation is observed in obese patients due to insulin resistance. It occurs as
a compensatory response to nondiabetic obesity, when the organism is trying to counteract
the insulin resistance by increasing insulin-secreting β-cells [97]. In some cases, the first
sign of the onset of DM is in the form of ketoacidosis concomitant with COVID-19, leading
to a severe outcome [98]. It has also been reported that those patients who are diabetics at
the time of infection with SARS-CoV-2 have a better outcome than those with concomitantly
installed DM and COVID-19. Certain studies also reported that patients with DM have a
two-fold risk of intensive care unit hospitalization and a two–three-fold risk of hospital
mortality than non-diabetic patients [99,100]. Several studies have shown that the infectivity
of COVID-19 is not higher in patients with associated diabetes. The prevalence of diabetes
in the COVID-19 patient population is not significantly different from the prevalence of
diabetes in the general population [101].

Early diagnosis and identification of gene modifications that can influence the course
of the disease is a desired aim to prevent further complications and to recognize risk levels
for each patient.

The authors concluded that the mechanism of COVID-19, with the virus binding to
the ACE2 receptor, might be different in patients in accordance with the individual genetic
background or developed susceptibility.

We consider that human genetics plays an important role (inherited predispositions) in
COVID-19 management, due to the possibility of identification of gene modifications that
contribute to poor prognosis, even more, when pre-existing comorbidities and acquired
risk conditions are present.

219



Int. J. Mol. Sci. 2023, 24, 4319

Comprehensive knowledge of the underlying pathomechanisms of coagulopathy and
inflammatory response in diabetes mellitus contributes to a better understanding of the
manifestations of angiopathy in this very vulnerable group of patients; thus, they can
benefit from a modern, more efficient management.
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ogy of Târgu Mureş supported this work by Research Grant nr. 294/6/14.01.2020.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. WHO–Diabetes Mellitus Classification. Available online: https://www.who.int/publications/i/item/classification-of-diabetes-
mellitus (accessed on 30 December 2022).

2. WHO–COVID-19. Available online: https://www.who.int/emergencies/diseases/novel-coronavirus-2019 (accessed on 30
December 2022).

3. Arbănas, i, E.M.; Kaller, R.; Mures, an, V.A.; Voidăzan, S.; Arbănas, i, E.M.; Russu, E. Impact of COVID-19 Pandemic on Vascular
Surgery Unit Activity in Central Romania. Front. Surg. 2022, 9, 1123. [CrossRef]

4. Xie, L.; Zhang, Z.; Wang, Q.; Chen, Y.; Lu, D.; Wu, W. COVID-19 and Diabetes: A Comprehensive Review of Angiotensin
Converting Enzyme 2, Mutual Effects and Pharmacotherapy. Front. Endocrinol. (Lausanne) 2021, 19, 772865. [CrossRef] [PubMed]

5. Arbănas, i, E.M.; Halmaciu, I.; Kaller, R.; Mures, an, A.V.; Arbănas, i, E.M.; Suciu, B.A.; Cos, arcă, C.M.; Cojocaru, I.I.; Melinte, R.M.;
Russu, E. Systemic Inflammatory Biomarkers and Chest CT Findings as Predictors of Acute Limb Ischemia Risk, Intensive Care
Unit Admission, and Mortality in COVID-19 Patients. Diagnostics 2022, 12, 2379. [CrossRef] [PubMed]

6. Simon, P.; Le Borgne, P.; Lefevbre, F.; Cipolat, L.; Remillon, A.; Dib, C.; Hoffmann, M.; Gardeur, I.; Sabah, J.; Kepka, S.; et al.
Platelet-to-Lymphocyte Ratio (PLR) Is Not a Predicting Marker of Severity but of Mortality in COVID-19 Patients Admitted to the
Emergency Department: A Retrospective Multicenter Study. J. Clin. Med. 2022, 11, 4903. [CrossRef]

7. Rose, J.; Suter, F.; Furrer, E.; Sendoel, A.; Stüssi-Helbling, M.; Huber, L.C. Neutrophile-to-Lymphocyte Ratio (NLR) Identifies
Patients with Coronavirus Infectious Disease 2019 (COVID-19) at High Risk for Deterioration and Mortality—A Retrospective,
Monocentric Cohort Study. Diagnostics 2022, 12, 1109. [CrossRef]

8. Sarkar, S.; Kannan, S.; Khanna, P.; Singh, A.K. Role of Platelet-to-Lymphocyte Count Ratio (PLR), as a Prognostic Indicator in
COVID-19: A Systematic Review and Meta-Analysis. J. Med. Virol. 2022, 94, 211–221. [CrossRef]

9. Radha, T.P.D.; Arthi, P.S.; Annamalai, S. Diabetes Mellitus and Peripheral Vascular Disease. Int. J. Contemp. Med. Res. 2020,
7, 10–13. [CrossRef]

10. Klok, F.A.; Kruip, M.J.H.A.; van der Meer, N.J.M.; Arbous, M.S.; Gommers, D.A.M.P.J.; Kant, K.M.; Kaptein, F.H.J.; van Paassen, J.;
Stals, M.A.M.; Huisman, M.V.; et al. Incidence of thrombotic complications in critically ill ICU patients with COVID-19. Thromb.
Res. 2020, 191, 145–147. [CrossRef]

11. Jenner, W.J.; Gorog, D.A. Incidence of thrombotic complications in COVID-19. J. Thromb. 2021, 52, 999–1006. [CrossRef]
12. Atallah, B.; Sadik, Z.G.; Salem, N.; El Nekidy, W.S.; Almahmeed, W.; Park, W.M.; Cherfan, A.; Hamed, F.; Mallat, J. The impact

of protocol-based high-intensity pharmacological thromboprophylaxis on thrombotic events in critically ill COVID-19 patients.
Anaesthesia 2021, 76, 327–335. [CrossRef]

13. Zhou, F.; Yu, T.; Du, R.; Fan, G.; Liu, Y.; Liu, Z.; Xiang, J.; Wang, Y.; Song, B.; Gu, X.; et al. Clinical course and risk factors
for mortality of adult inpatients with COVID-19 in Wuhan, China: A retrospective cohort study. Lancet 2020, 395, 1054–1062.
[CrossRef] [PubMed]

14. Goshua, G.; Pine, A.B.; Meizlish, M.L.; Chang, C.-H.; Zhang, H.; Bahel, P.; Baluha, A.; Bar, N.; Bona, R.D.; Burns, A.J.; et al.
Endotheliopathy in COVID-19-associated coagulopathy: Evidence from a single-centre, cross-sectional study. Lancet Haematol.
2020, 7, e575–e582. [CrossRef]

220



Int. J. Mol. Sci. 2023, 24, 4319

15. Moisa, E.; Corneci, D.; Negoita, S.; Filimon, C.R.; Serbu, A.; Negutu, M.I.; Grintescu, I.M. Dynamic Changes of the Neutrophil-to-
Lymphocyte Ratio, Systemic Inflammation Index, and Derived Neutrophil-to-Lymphocyte Ratio Independently Predict Invasive
Mechanical Ventilation Need and Death in Critically Ill COVID-19 Patients. Biomedicines 2021, 9, 1656. [CrossRef] [PubMed]

16. Halmaciu, I.; Arbănas, i, E.M.; Kaller, R.; Mures, an, A.V.; Arbănas, i, E.M.; Bacalbasa, N.; Suciu, B.A.; Cojocaru, I.I.; Runcan, A.I.;
Grosu, F.; et al. Chest CT Severity Score and Systemic Inflammatory Biomarkers as Predictors of the Need for Invasive Mechanical
Ventilation and of COVID-19 Patients’ Mortality. Diagnostics 2022, 12, 2089. [CrossRef]

17. Muniyappa, R.; Chen, H.; Montagnani, M.; Sherman, A.; Quon, M.J. Endothelial dysfunction due to selective insulin resistance in
vascular endothelium: Insights from mechanistic modeling. Am. J. Physio. Endocrinol. Metab. 2020, 319, E629–E646. [CrossRef]
[PubMed]

18. Munteanu, C.; Rotariu, M.; Turnea, M.A.; Anghelescu, A.; Albadi, I.; Dogaru, G.; Silis, teanu, S.C.; Ionescu, E.V.; Firan, F.C.; Ionescu,
A.M.; et al. Topical Reappraisal of Molecular Pharmacological Approaches to Endothelial Dysfunction in Diabetes Mellitus
Angiopathy. Curr. Issues Mol. Biol. 2022, 44, 3378–3397. [CrossRef]

19. Love, M.K.; Barrett, E.J.; Malin, S.K.; Reusch, J.E.B.; Regensteiner, J.G.; Liu, Z. Diabetes pathogenesis and management: The
endothelium comes of age, J. Mol. Cell Biol. 2021, 13, 500–512. [CrossRef]

20. Maruhashi, T.; Higashi, Y. Pathophysiological Association between Diabetes Mellitus and Endothelial Dysfunction. Antioxidants
2021, 10, 1306. [CrossRef]

21. Jung, C.H.; Mok, J.O. Recent updates on vascular complications in patients with type 2 diabetes mellitus. Endocrinol. Metab. 2020,
35, 260–271. [CrossRef]

22. Galicia-Garcia, U.; Benito-Vicente, A.; Jebari, S.; Larrea-Sebal, A.; Siddiqi, H.; Uribe, K.B.; Ostolaza, H.; Martín, C. Pathophysiology
of Type 2 Diabetes Mellitus. Int. J. Mol. Sci. 2020, 21, 6275. [CrossRef]

23. De Nigris, V.; Prattichizzo, F.; Iijima, H.; Ceriello, A. Dpp-4 inhibitors have different effects on endothelial low-grade inflammation
and on the m1-m2 macrophage polarization under hyperglycemic conditions. Diabetes Metab. Syndr. Obes. Targets Ther. 2021,
14, 1519–1531. [CrossRef] [PubMed]

24. Daryabor, G.; Atashzar, M.R.; Kabelitz, D.; Meri, S.; Kalantar, K. The Effects of Type 2 Diabetes Mellitus on Organ Metabolism
and the Immune System. Front. Immunol. 2020, 11, 1582. [CrossRef]

25. Sen, R.; Sengupta, D.; Mukherjee, A. Mechanical dependency of the SARS-CoV-2 virus and the renin-angiotensin-aldosterone
(RAAS) axis: A possible new threat. Environ. Sci. Pollut. Res. Int. 2022, 29, 62235–62247. [CrossRef] [PubMed]

26. Iacobini, C.; Vitale, M.; Pesce, C.; Pugliese, G.; Menini, S. Diabetic Complications and Oxidative Stress: A 20-Year Voyage Back in
Time and Back to the Future. Antioxidants 2021, 10, 727. [CrossRef]

27. Gusev, E.; Sarapultsev, A.; Hu, D.; Chereshnev, V. Problems of Pathogenesis and Pathogenetic Therapy of COVID-19 from the
Perspective of the General Theory of Pathological Systems (General Pathological Processes). Int. J. Mol. Sci. 2021, 22, 7582.
[CrossRef]

28. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kruger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.; Nitsche,
A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell
2020, 181, 271–280.e8. [CrossRef]

29. Xu, H.; Zhong, L.; Deng, J.; Peng, J.; Dan, H.; Zeng, X.; Li, T.; Chen, Q. High expression of ACE2 receptor of 2019-nCoV on the
epithelial cells of oral mucosa. Int. J. Oral Sci. 2020, 12, 8. [CrossRef]

30. Pinchera, B.; Scotto, R.; Buonomo, A.; Zappulo, E.; Stagnaro, F.; Gallicchio, A.; Viceconte, G.; Sardanelli, A.; Mercinelli, S.; Villari,
R. Diabetes and COVID-19: The potential role of mTOR. Diabetes Res. Clin. Pract. 2022, 186, 109813. [CrossRef] [PubMed]

31. Calvisi, S.L.; Ramirez, G.A.; Scavini, M.; Da Prat, V.; di Lucca, G.; Laurenzi, A.; Gallina, G.; Cavallo, L.; Borio, G.; Farolfi, F.;
et al. Thromboembolism risk among patients with diabetes/stress hyperglycemia and COVID-19. Metabolism 2021, 123, 154845.
[CrossRef]

32. Lumbers, E.R.; Delforce, S.J.; Pringle, K.; Smith, G.R. The Lung, the Heart, the Novel Coronavirus, and the Renin-Angiotensin
System; The Need for Clinical Trials. Front. Med. (Lausanne) 2020, 22, 248. [CrossRef]

33. Scialo, F.; Daniele, A.; Amato, F.; Pastore, L.; Matera, M.G.; Cazzola, M.; Castaldo, G.; Bianco, A. ACE2: The Major Cell Entry
Receptor for SARS-CoV-2. Lung 2020, 198, 867–877. [CrossRef] [PubMed]

34. Ali, M.A.; Spinler, S.A. COVID-19 and thrombosis: From bench to bedside. Trends Cardiovasc. Med. 2021, 31, 143–160. [CrossRef]
[PubMed]

35. Gudowska-Sawczuk, M.; Mroczko, B. The Role of Nuclear Factor Kappa B (NF-κB) in Development and Treatment of COVID-19:
Review. Int. J. Mol. Sci. 2022, 23, 5283. [CrossRef]

36. Iba, T.; Levy, J.H.; Levi, M.; Connors, J.M.; Thachil, J. Coagulopathy of Coronavirus Disease 2019. Crit. Care Med. 2020,
48, 1358–1364. [CrossRef] [PubMed]

37. Labò, N.; Ohnuki, H.; Tosato, G. Vasculopathy and Coagulopathy Associated with SARS-CoV-2 Infection. Cells 2020, 9, 1583.
[CrossRef]

38. Iba, T.; Warkentin, T.E.; Thachil, J.; Levi, M.; Levy, J.H. Proposal of the Definition for COVID-19-Associated Coagulopathy. J. Clin.
Med. 2021, 10, 191. [CrossRef] [PubMed]

39. Eketunde, A.O.; Mellacheruvu, S.P.; Oreoluwa, P. A review of postmortem findings in patients with COVID-19. Cureus 2020,
12, e9438. [CrossRef]

221



Int. J. Mol. Sci. 2023, 24, 4319

40. Smadja, D.M.; Guerin, C.L.; Chocron, R.; Yatim, N.; Boussier, J.; Gendron, N.; Khider, L.; Hadjadj, J.; Goudot, G.; DeBuc, B.; et al.
Angiopoietin-2 as a marker of endothelial activation is a good predictor factor for intensive care unit admission of COVID-19
patients. Angiogenesis 2020, 23, 611–620. [CrossRef]

41. Gemmati, D.; Bramanti, B.; Serino, M.L.; Secchiero, P.; Zauli, G.; Tisato, V. COVID-19 and Individual Genetic Susceptibil-
ity/Receptivity: Role of ACE1/ACE2 Genes, Immunity, Inflammation and Coagulation. Might the Double X-chromosome in
Females Be Protective against SARS-CoV-2 Compared to the Single X-Chromosome in Males? Int. J. Mol. Sci. 2020, 21, 3474.
[CrossRef]

42. Lazzaroni, M.G.; Piantoni, S.; Masneri, S.; Garrafa, E.; Martini, G.; Tincani, A.; Andreoli, L.; Franceschini, F. Coagulation
dysfunction in COVID-19: The interplay between inflammation, viral infection and the coagulation system. Blood Rev. 2021,
46, 100745. [CrossRef]

43. Savla, S.R.; Prabhavalkar, K.S.; Bhatt, L.K. Cytokine storm associated coagulation complications in COVID-19 patients: Pathogen-
esis and Management. Expert Rev. Anti-Infect Ther. 2021, 19, 1397–1413. [CrossRef]

44. Gómez-Mesa, J.E.; Galindo-Coral, S.; Montes, M.C.; Martin, A.J.M. Thrombosis and Coagulopathy in COVID-19. Curr. Probl.
Cardiol. 2021, 46, 100742. [CrossRef]

45. Ragab, D.; Salah Eldin, H.; Taeimah, M.; Khattab, R.; Salem, R. The COVID-19 Cytokine Storm; What We Know So Far. Front.
Immunol. 2020, 11, 1446. [CrossRef] [PubMed]

46. Mascolo, A.; Scavone, C.; Rafaniello, C.; Ferrajolo, C.; Racagni, G.; Berrino, L.; Paolisso, G.; Rossi, F.; Capuano, A. Renin-
Angiotensin System and Coronavirus Disease 2019: A Narrative Review. Front. Cardiovasc. Med. 2020, 7, 143. [CrossRef]
[PubMed]

47. Zhang, H.; Penninger, J.M.; Li, Y.; Zhong, N.; Slutsky, A.S. Angiotensin-converting enzyme 2 (ACE2) as a SARS-CoV-2 receptor:
Molecular mechanisms and potential therapeutic target. Intensive Care Med. 2020, 46, 586–590. [CrossRef] [PubMed]

48. Tomerak, S.; Khan, S.; Almasri, M.; Hussein, R.; Abdelati, A.; Aly, A.; Salameh, M.A.; Saed Aldien, A.; Naveed, H.; Elshazly, M.B.;
et al. Systemic inflammation in COVID-19 patients may induce various types of venous and arterial thrombosis: A systematic
review. Scand J. Immunol. 2021, 94, e13097. [CrossRef] [PubMed]

49. Kaiafa, G.; Savopoulos, C.; Karlafti, E.; Pantazi, K.; Paramythiotis, D.; Thomaidou, E.; Daios, S.; Ztriva, E.; Gionis, M.; Fyntanidou,
V.; et al. Coagulation Profile of COVID-19 Patients. Life 2022, 12, 1658. [CrossRef]

50. Tomo, S.; Kumar, K.P.; Roy, D.; Sankanagoudar, S.; Purohit, P.; Yadav, D.; Banerjee, M.; Sharma, P.; Misra, S. Complement
activation and coagulopathy—An ominous duo in COVID19. Expert Rev. Hematol. 2021, 14, 155–173. [CrossRef] [PubMed]

51. Conway, E.M.; Pryzdial, E.L.G. Is the COVID-19 thrombotic catastrophe complement-connected? J. Thromb. Haemost. 2020,
18, 2812–2822. [CrossRef]

52. Pérez-Galarza, J.; Prócel, C.; Cañadas, C.; Aguirre, D.; Pibaque, R.; Bedón, R.; Sempértegui, F.; Drexhage, H.; Baldeón, L. Immune
Response to SARS-CoV-2 Infection in Obesity and T2D: Literature Review. Vaccines 2021, 9, 102. [CrossRef]

53. Hollenberg, M.D.; Epstein, M. The innate immune response, microenvironment proteinases, and the COVID-19 pandemic:
Pathophysiologic mechanisms and emerging therapeutic targets. Kidney Int. Suppl. 2022, 12, 48–62. [CrossRef] [PubMed]

54. Smail, S.W.; Saeed, M.; Alkasalias, T.; Khudhur, Z.O.; Younus, D.A.; Rajab, M.F.; Abdulahad, W.H.; Hussain, H.I.; Niaz, K.; Safdar,
M. Inflammation, immunity and potential target therapy of SARS-COV-2: A total scale analysis review. Food Chem. Toxicol. 2021,
150, 112087. [CrossRef] [PubMed]

55. Megna, M.; Napolitano, M.; Fabbrocini, G. May IL-17 have a role in COVID-19 infection? Med. Hypotheses 2020, 140, 109749.
[CrossRef]

56. Carvelli, J.; Demaria, O.; Vely, F.; Batista, L.; Chouaki Benmansour, N.; Fares, J.; Carpentier, S.; Thibult, M.-L.; Morel, A.; Remark,
R.; et al. Association of COVID-19 inflammation with activation of the C5a–C5aR1 axis. Nature 2020, 588, 146–150. [CrossRef]

57. Ma, L.; Sahu, S.K.; Cano, M.; Kuppuswamy, V.; Bajwa, J.; McPhatter, J.N.; Pine, A.; Meizlish, M.L.; Goshua, G.; Chang, C.-H.;
et al. Increased complement activation is a distinctive feature of severe SARS-CoV-2 infection. Sci. Immunol. 2021, 6, eabh2259.
[CrossRef]

58. Zuo, Y.; Zuo, M.; Yalavarthi, S.; Gockman, K.; Madison, J.A.; Shi, H.; Woodard, W.; Lezak, S.P.; Lugogo, N.L.; Knight, J.S.; et al.
Neutrophil extracellular traps and thrombosis in COVID-19. J. Thromb. Thrombolysis 2021, 51, 446–453. [CrossRef] [PubMed]

59. Manolis, A.S.; Manolis, T.A.; Papatheou, D.; Melita, H. COVID-19 Infection: Viral Macro- and Micro-Vascular Coagulopathy and
Thromboembolism/Prophylactic and Therapeutic Management. J. Cardiovasc. Pharmacol. Ther. 2021, 26, 12–24. [CrossRef]

60. Skendros, P.; Mitsios, A.; Chrysanthopoulou, A.; Mastellos, D.C.; Metallidis, S.; Rafailidis, P.; Ntinopoulou, M.; Sertaridou,
E.; Tsironidou, V.; Tsigalou, C.; et al. Complement and tissue factor-enriched neutrophil extracellular traps are key drivers in
COVID-19 immunothrombosis. J. Clin. Investig. 2020, 130, 6151–6157. [CrossRef]

61. Shen, S.; Zhang, J.; Fang, Y.; Lu, S.; Wu, J.; Zheng, X.; Deng, F. SARS-CoV-2 interacts with platelets and megakaryocytes via
ACE2-independent mechanism. J. Hematol. Oncol. 2021, 14, 72. [CrossRef]

62. Thierry, A.R.; Roch, B. Neutrophil Extracellular Traps and By-Products Play a Key Role in COVID-19: Pathogenesis, Risk Factors,
and Therapy. J. Clin. Med. 2020, 9, 2942. [CrossRef]

63. Nicolai, L.; Leunig, A.; Brambs, S.; Kaiser, R.; Weinberger, T.; Weigand, M.; Muenchhoff, M.; Hellmuth, J.C.; Ledderose, S.; Schulz,
H.; et al. Immunothrombotic Dysregulation in COVID-19 Pneumonia Is Associated With Respiratory Failure and Coagulopathy.
Circulation 2020, 142, 1176–1189. [CrossRef] [PubMed]

222



Int. J. Mol. Sci. 2023, 24, 4319

64. Wienkamp, A.-K.; Erpenbeck, L.; Rossaint, J. Platelets in the NETworks interweaving inflammation and thrombosis. Front. Imunol.
2022, 13, 953129. [CrossRef] [PubMed]

65. Ahmed, S.; Zimba, O.; Gasparyan, A.Y. Thrombosis in Coronavirus disease 2019 (COVID-19) through the prism of Virchow’s
triad. Clin. Rheumatol. 2020, 39, 2529–2543. [CrossRef]

66. Rubulotta, F.; Soliman-Aboumarie, H.; Filbey, K.; Geldner, G.; Kuck, K.; Ganau, M.; Hemmerling, T.M. Technologies to optimize
the care of severe COVID-19 patients for health care providers challenged by limited resources. Anesth. Analg. 2020, 131, 351–364.
[CrossRef]

67. Tejpal Karna, S.; Singh, P.; Ahmad Haq, Z.; Jain, G.; Khurana, A.; Saigal, S.; Prakash Sharma, J.; Waindeskar, V. Role of
Thromboelastography and Thromboelastometry in Predicting Risk of Hypercoagulability and Thrombosis in Critically Ill
COVID-19 Patients: A Qualitative Systematic Review. Turk J. Anaesthesiol. Reanim. 2022, 50, 332–339. [CrossRef] [PubMed]

68. Almskog, L.M.; Wikman, A.; Svensson, J.; Wanecek, M.; Bottai, M.; van der Lindeen, J.; Agren, A. Rotational thromboelastometry
results are associated with care level in COVID-19. J. Thromb. Thrombolysis 2021, 51, 437–445. [CrossRef]
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84. Roganović, J. Downregulation of microRNA-146a in diabetes, obesity and hypertension may contribute to severe COVID-19. Med.
Hypotheses 2021, 146, 110448. [CrossRef] [PubMed]

85. Nain, Z.; Rana, H.K.; Liò, P.; Islam, S.M.S.; Summers, M.A.; Moni, M.A. Pathogenetic profiling of COVID-19 and SARS-like
viruses. Brief Bioinform. 2021, 22, 1175–1196. [CrossRef] [PubMed]

86. Donyavi, T.; Bokharaei-Salim, F.; Baghi, H.B.; Khanaliha, K.; Alaei Janat-Makan, M.; Karimi, B.; Sadri Nahand, J.; Mirzaei, H.;
Khatami, A.; Garshasbi, S.; et al. Acute and post-acute phase of COVID-19: Analyzing expression patterns of miRNA-29a-3p,
146a-3p, 155-5p, and let-7b-3p in PBMC. Int. Immunopharmacol. 2021, 97, 107641. [CrossRef]

87. Saik, O.V.; Klimontov, V.V. Gene Networks of Hyperglycemia, Diabetic Complications, and Human Proteins Targeted by
SARS-CoV-2: What Is the Molecular Basis for Comorbidity? Int. J. Mol. Sci. 2022, 23, 7247. [CrossRef] [PubMed]

88. Fakhouri, E.W.; Peterson, S.J.; Kothari, J.; Alex, R.; Shapiro, J.I.; Abraham, N.G. Genetic polymorphisms complicate COVID-19
therapy pivotal role of HO-1 in cytokine storm. Antioxidants 2020, 9, 636. [CrossRef]

89. Iessi, E.; Cittadini, C.; Anticoli, S.; Fecchi, K.; Matarrese, P.; Ruggieri, A. Sex differences in antiviral immunity in SARS-CoV-2
infection: Mitochondria and mitomiR come into view. Acta Physiol. (Oxf) 2021, 231, e13571. [CrossRef]

223



Int. J. Mol. Sci. 2023, 24, 4319

90. Viveiros, A.; Rasmuson, J.; Vu, J.; Mulvagh, S.L.; Yip, C.Y.Y.; Norris, C.M.; Oudit, G.Y. Sex differences in COVID-19: Candidate
pathways, genetics of ACE2, and sex hormones. Am. J. Physiol. Heart Circ. Physiol. 2021, 320, H296–H304. [CrossRef]

91. Cole, J.B.; Florez, J.C. Genetics of diabetes mellitus and diabetes complications. Nat. Rev. Nephrol. 2020, 16, 377–390. [CrossRef]
92. Lu, J.; Huang, Y.; Zhang, X.; Xu, Y.; Nie, S. Noncoding RNAs involved in DNA methylation and histone methylation, and

acetylation in diabetic vascular complications, Pharmacol. Res. 2021, 170, 105520. [CrossRef]
93. Abedi, F.; Rezaee, R.; Hayes, A.W.; Nasiripour, S.; Karimi, G. MicroRNAs and SARS-CoV-2 life cycle, pathogenesis, and mutations:

Biomarkers or therapeutic agents? Cell Cycle 2021, 20, 143–153. [CrossRef]
94. Ceriello, A.; De Nigris, V.; Prattichizzo, F. Why is hyperglycaemia worsening COVID-19 and its prognosis? Diabetes Obes. Metab.

2020, 20, 1951–1952. [CrossRef]
95. Perrotta, F.; Corbi, G.; Mazzeo, G.; Boccia, M.; Aronne, L.; D’Agnano, V.; Komici, K.; Mazzarella, G.; Parrella, R.; Bianco, A.

COVID-19 and the elderly: Insights into pathogenesis and clinical decision-making. Aging Clin. Exp. Res. 2020, 32, 1599–1608.
[CrossRef]

96. Singh, M.; Barrera Adame, O.; Nickas, M.; Robison, J.; Khatchadourian, C.; Venketaraman, V. Type 2 Diabetes Contributes to
Altered Adaptive Immune Responses and Vascular Inflammation in Patients With SARS-CoV-2 Infection. Front. Immunol. 2022,
13, 833355. [CrossRef]

97. Kusminski, C.M.; Ghaben, A.L.; Morley, T.S.; Samms, R.J.; Adams, A.C.; An, Y.; Johnson, J.A.; Joffin, N.; Onodera, T.; Crewe, C.;
et al. A Novel Model of Diabetic Complications: Adipocyte Mitochondrial Dysfunction Triggers Massive β-Cell Hyperplasia.
Diabetes 2020, 69, 313–330. [CrossRef] [PubMed]

98. Unsworth, R.; Wallace, S.; Oliver, N.S.; Yeung, S.; Kshirsagar, A.; Naidu, H.; Kwong, R.M.W.; Kumar, P.; Logan, K.M. New-onset
type 1 diabetes in children during COVID-19: Multicenter regional findings in the U.K. Diabetes Care 2020, 43, e170–e171.
[CrossRef] [PubMed]

99. Bode, B.; Garrett, V.; Messler, J.; McFarland, R.; Crowe, J.; Booth, R.; Klonoff, D.C. Glycemic characteristics and clinical outcomes
of COVID-19 patients hospitalized in the United States. J. Diabetes Sci. Technol. 2020, 14, 813–821. [CrossRef] [PubMed]

100. Mantovani, A.; Byrne, C.D.; Zheng, M.H.; Targher, G. Diabetes as a risk factor for greater COVID-19 severity and in-hospital
death: A meta-analysis of observational studies. Nutr. Metab. Cardiovasc. Dis. 2020, 30, 1236–1248. [CrossRef]

101. Fadini, G.P.; Morieri, M.L.; Longato, E.; Avogaro, A. Prevalence and impact of diabetes among people infected with SARS-CoV-2.
J. Endocrinol. Investig. 2020, 43, 867–869. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

224



Citation: Liu, S.; Luo, W.; Szatmary,

P.; Zhang, X.; Lin, J.-W.; Chen, L.; Liu,

D.; Sutton, R.; Xia, Q.; Jin, T.; et al.

Monocytic HLA-DR Expression in

Immune Responses of Acute

Pancreatitis and COVID-19. Int. J.

Mol. Sci. 2023, 24, 3246. https://

doi.org/10.3390/ijms24043246

Academic Editors: Alexandru Schiopu,

Emil Arbanasi and Eliza Russu

Received: 22 December 2022

Revised: 1 February 2023

Accepted: 3 February 2023

Published: 7 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Monocytic HLA-DR Expression in Immune Responses of Acute
Pancreatitis and COVID-19

Shiyu Liu 1,†, Wenjuan Luo 1,†, Peter Szatmary 2, Xiaoying Zhang 1, Jing-Wen Lin 3, Lu Chen 3, Dan Liu 4,

Robert Sutton 2, Qing Xia 1, Tao Jin 1,*, Tingting Liu 1,* and Wei Huang 1

1 West China Centre of Excellence for Pancreatitis, Institute of Integrated Traditional Chinese and Western
Medicine, West China-Liverpool Biomedical Research Centre, West China Hospital, Sichuan University,
Chengdu 610041, China

2 Liverpool Pancreatitis Research Group, Institute of Systems, Molecular and Integrative Biology,
University of Liverpool, Liverpool L69 3BE, UK

3 State Key Laboratory of Biotherapy, West China Hospital, Sichuan University and Collaborative Innovation
Center for Biotherapy, Chengdu 610041, China

4 Department of Respiratory and Critical Care Medicine, Clinical Research Center for Respiratory Disease,
West China Hospital, Sichuan University, Chengdu 610041, China

* Correspondence: jintao@wchscu.cn (T.J.); liutingting@wchscu.cn (T.L.)
† These authors contributed equally to this work.

Abstract: Acute pancreatitis is a common gastrointestinal disease with increasing incidence world-
wide. COVID-19 is a potentially life-threatening contagious disease spread throughout the world,
caused by severe acute respiratory syndrome coronavirus 2. More severe forms of both diseases
exhibit commonalities with dysregulated immune responses resulting in amplified inflammation and
susceptibility to infection. Human leucocyte antigen (HLA)-DR, expressed on antigen-presenting
cells, acts as an indicator of immune function. Research advances have highlighted the predictive
values of monocytic HLA-DR (mHLA-DR) expression for disease severity and infectious complica-
tions in both acute pancreatitis and COVID-19 patients. While the regulatory mechanism of altered
mHLA-DR expression remains unclear, HLA-DR−/low monocytic myeloid-derived suppressor cells
are potent drivers of immunosuppression and poor outcomes in these diseases. Future studies with
mHLA-DR-guided enrollment or targeted immunotherapy are warranted in more severe cases of
patients with acute pancreatitis and COVID-19.

Keywords: acute pancreatitis; COVID-19; HLA-DR; monocytes; immune response; immunosuppression

1. Introduction

New insights into the mechanisms of pathology can sometimes arise from similarities
between fundamentally different diseases. This effect can be most pronounced during
the emergence of a new infectious disease, such as the recent COVID-19 pandemic. One
such unlikely pairing is acute pancreatitis (AP) and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection.

AP is a sterile inflammatory disorder of the pancreas with an increasing global in-
cidence [1] affecting around 2.8 million patients annually [2]. The etiology of AP is di-
verse and includes gallstones, alcohol excess, hypertriglyceridemia, endoscopic retrograde
cholangiopancreatography, certain medicines, and other rarer causes [3]. Most cases of
AP patients are mild and uneventful given that supportive care is in time and appropri-
ate. However, some are more severe, which involve local complications (acute pancreatic
necrosis or fluid collection; moderately severe acute pancreatitis, MSAP) and/or persistent
organ failure (SOFA score of respiratory, circulatory, and renal system equal or more than
2 lasting > 48 h; severe acute pancreatitis, SAP) [4]. Feed-forward auto-amplification of
the initial cellular injury in SAP [5,6] results in persistent systemic inflammatory response
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syndrome (SIRS), multiple organ dysfunction syndrome (MODS), infection, and death. Per-
sistent organ failure [7–10] and infected pancreatic necrosis [11,12], alone or in combination,
are key determinants of severity in AP and contribute to an immune anergy, secondary
infections, and a mortality of > 30%. Currently, there are no specific therapies effectively
targeting the initial cellular injury or determinants that resulting in MODS [13].

COVID-19, on the other hand, is a potentially lethal infectious disease caused by the
enveloped, positive-strand RNA, SARS-CoV-2, affecting over 600 million cases globally [14].
The disease spectrum of COVID-19 is also highly variable, ranging from asymptomatic (test-
positive) disease to critical illness (respiratory failure, septic shock, and/or MODS) [15,16].
SARS-CoV-2 mainly utilizes the angiotensin-converting enzyme 2 (ACE2) as the human host
cell entry receptor [17], which is ubiquitously expressed in the nasal epithelium, lung, heart,
intestine, and kidney and rarely expressed on immune cells [18]. ACE2 is also expressed
on pancreatic ductal cells, acinar cells, and islet cells, making the pancreas vulnerable to
viral infection [19]. Serum pancreatic enzymes are elevated in 25% of patients suffering
COVID-19, which is linked to worsened clinical outcomes including mechanical ventilation
and mortality even in those without AP [20–22]. Patients with COVID-19 who developed
AP during hospitalization also have a more severe clinical course [23], and indeed SARS-
CoV-2 may itself precipitate an episode of AP with marked metabolic derangement even
in the absence of local complications or organ failure [24]. More importantly, however,
patients with severe/critical COVID-19 appear to be increasingly susceptible to secondary
infections [25,26] as a result of immune anergy in a similar manner to SAP.

Dysregulated immune responses in SAP and severe/critical COVID-19 have similar
patterns of cytokine release and share many pathways of cellular immunity, especially
immunosuppression-related monocyte deactivation in the form of downregulated expres-
sion of monocytic human leukocyte antigen-DR (HLA-DR) [27,28]. This review summarizes
the role of monocytic HLA-DR (mHLA-DR) expression in the development of immunosup-
pression and organ failure in both SAP and severe/critical COVID-19.

2. Pathogenesis and Immunopathology in AP and COVID-19

2.1. Pathophysiological Mechanisms in AP and COVID-19

Diverse stimuli evoke inflammatory cascades with apparently analogous patterns and
clinical manifestations, implying similarities in the pathogenesis and symptomatology of
AP and COVID-19 [29]. Cytokines and damage-associated molecular patterns (DAMPs),
such as histones, high-mobility group box-1 protein, hyaluronan fragments, mitochon-
drial DNA, and heat-shock proteins are released from dying or injured cells in the injured
pancreas or SARS-CoV-2 infected tissues—particularly lungs. This is associated with and
results from a series of molecular events, including premature trypsinogen activation,
calcium overload, mitochondria failure, endoplasmic reticulum stress, impaired autophagy,
or by SARS-CoV-2 proliferation and release, respectively [6,30–33]. Interaction of DAMPs
with pattern-recognition receptors (PRRs), including Toll-like receptors and NLRP3 in-
flammasome of the adjacent parenchymal cells or immune cells, promotes the production
of various pro-inflammatory cytokines and chemokines [31,34–36]. Of note, cell death
pathways (e.g., autophagy, NETosis, pyroptosis, apoptosis, necroptosis, and ferroptosis) in
surrounding immune cells and stromal cells are activated, fueling the cytokine storm and
cultivating a positive cell death-inflammation feedback loop [30,37,38]. In COVID-19, virus
particles themselves act as pathogen-associated molecular patterns (PAMPs), which could
also be identified by PRRs and activate local inflammation and an innate immune response,
evoking the cytokine storm and assembling those induced by DAMPs [29,39]. Activated
circulating leukocytes, particularly monocytes, are then recruited to the inflamed pancreas
or infected lungs, provoking systemic inflammation and organ failure in AP and COVID-19
alike [29,40–43]. Moreover, monocytes/macrophages could be infected by SARS-CoV-2,
triggering massive inflammatory responses in COVID-19 [44].

The involvement of adaptive immunity in AP has been recognized, but its precise
role in the sterile inflammatory response seen in AP remains poorly characterized [45].
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In contrast, SARS-CoV-2 directly activates specific T cell subsets, initiating an adaptive
immune response [46]. Persistent viral stimulation, however, leads to T cell exhaustion,
with reduced effector functions and proliferative capacity [47]. This T cell exhaustion
phenomenon can also be observed in AP patients [48].

Levels of several circulating pro-inflammatory cytokines are dramatically elevated
and closely correlate with the development of SAP or severe/critical COVID-19 [49–52].
Patterns of cytokine alterations in AP and COVID-19 were shown to be remarkably similar
in a recent meta-analysis, with tumor necrosis factor-alpha (TNF-α), interleukin (IL)-6,
IL-8, and IL-10 concentrations significantly higher in more severe forms than non-severe
forms of the two diseases [53]. The crosstalk between excessive inflammatory cytokines,
platelet activation, complement activation, and endothelial injury forms a deleterious
hyper-inflammatory and hyper-coagulopathy environment which is associated with life-
threatening complications (i.e., coagulopathy and vascular immune-thrombosis) of AP and
COVID-19 [51,54–58].

Systemic lipotoxicity deserves to be highlighted in this context. In severe/critical
COVID-19, lipotoxicity can trigger multiple organ failure and mortality resembling SAP [59].
SARS-CoV-2 can directly infect adipose tissue and promotes the release of several inflamma-
tory cytokines [60]. The pancreas itself is a target of SARS-CoV-2, resulting in the interstitial
leakage of pancreatic lipase which induces lipolysis of intrapancreatic adipose tissue and re-
lease of excess unsaturated fatty acids (UFAs). These toxic UFAs in turn further directly lead
to parenchymal cell injury and provoke the release of pro-inflammatory mediators, driv-
ing the cytokine storm and organ failure in SAP and severe/critical COVID-19 [59,61,62].
Lipase inhibitors have been shown to ameliorate lipolysis-induced cytokine storms and
mortality [61–64].

In summary, the pathophysiological mechanisms of AP and COVID-19 share many
similarities including cell death-inflammation cascade, cytokine storms, enhanced lipolysis,
and dysregulated immune responses. These immune responses will be discussed in the
next section.

2.2. Altered Immune Responses in AP and COVID-19

Immune anergy, evidenced by the failure of delayed hypersensitivity responses, corre-
lates with the development of sepsis and mortality in trauma and surgical patients [65–67],
as well as in SAP [68]. In the first stage of SAP, an excessive pro-inflammatory burst
is rapidly followed by an anti-inflammatory reaction that may result in a generalized
inflammatory response in sites remote from the initial pancreatic injury site and gives
rise to SIRS [69–71]. There is a compensatory response to counteract the overwhelming
pro-inflammatory state [72], which may ultimately result in immune suppression [73]. In
1996, Bone termed this immunological phenomenon as “compensatory anti-inflammatory
response syndrome” (CARS) [65,66,72].

Unlike SIRS, which is clearly defined by clinical parameters, CARS lacks clinical
manifestations and can only be defined molecularly by a combination of immunological
alterations. In the landmark paper of Volk’s group in 1997, it was described that many septic
patients who died from nosocomial infections had associated downregulation of mHLA-
DR [74]. Monocytes from these patients had reduced capacity to act in a pro-inflammatory
manner by producing TNF-α following stimulation of lipopolysaccharide (LPS) in vitro,
termed “immunoparalysis” [74,75]. Where CARS was once thought to follow sequentially
from SIRS, current thinking views CARS responses as concomitant to SIRS; balance in both
responses restores homeostasis, but an overshoot of the mechanisms of either SIRS or CARS
leads to further injury by excessive inflammation or secondary infection and, ultimately,
organ failure and death [67,76–83]. Development of CARS results in lymphocyte apoptosis,
T lymphocyte anergy, and deactivation of monocytes resulting in reduced mHLA-DR
expression. Furthermore, CARS is associated with elevated levels of circulating IL-10,
transforming growth factor-beta (TGF-β) and other anti-inflammatory cytokines, which
contribute to the risk of secondary infection.
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Immune response to SARS-CoV-2 is characterized by the failure of robust type I
and type III interferon response and high expression of pro-inflammatory cytokines and
chemokines [17]. Like AP, immune alterations, including severe lymphopenia and func-
tional monocyte deactivation, are indicative of immunosuppression in severe/critical
COVID-19 patients [84]. Indeed, monocytes exhibit heterogeneous, dynamic, and severity-
dependent alterations of transcription and immune phenotype upon acute pathological
insults which appear similar in both SAP and severe/critical COVID-19 patients (Figure 1).

 
Figure 1. Pathogenesis of inflammation in AP and COVID-19. Acute pathological insults of SARS-
CoV-2 infection and pancreatic acinar cell injury elicit local inflammation mediated by cytokines,
unsaturated fatty acids (UFAs), damage-associated molecular patterns (DAMPs), and/or pathogen-
associated molecular patterns (PAMPs). The pro-inflammatory reaction induces an anti-inflammatory
response to restrict inflammation. When the pro-/anti-inflammation is unbalanced and dysregulated,
systemic inflammatory response syndrome (SIRS) or compensatory anti-inflammatory response
syndrome (CARS) occurs. During SIRS, monocytes are hyperactivated in response to high levels
of pro-inflammatory cytokines and chemokines. In contrast, during CARS, monocytes are deacti-
vated, exhibit reduced mHLA-DR expression, and are incapable of presenting antigens to activate
CD4+ T lymphocytes.

Inflammatory monocytes are enriched in the lungs of severe/critical COVID-19 pa-
tients and are also the most altered pancreatic immune cells during progression and
recovery of AP [85,86]. Decreased monocytic expression of HLA-DR has a predictive value
for the poor prognosis of patients with sepsis [87,88], and the level of mHLA-DR expression
may identify patients who are susceptible to the development of infectious complications
after trauma [89], major surgery [90], and burns [91]. Here, we review the utility of mHLA-
DR in assessing the state of the immune response in AP and COVID-19 and detail-relevant
implications for therapy.

3. Structure and Expression of mHLA-DR

HLA-DR is a type of major histocompatibility complex (MHC) II molecule [92]. It is a
heterodimeric glycoprotein composed of the 33–35 kD heavy/α chain and the 27–29 kD
light/β chain, assembling into a structure comprising a peptide binding site on top of two
immunoglobulin domains [92]. Encoded by adjacent genes, the β chain is polymorphic
around the amino acid residues of the peptide-binding site in contrast to the invariant α
chain [93].

228



Int. J. Mol. Sci. 2023, 24, 3246

HLA-DR is mostly expressed on antigen-presenting cells (APCs) such as monocytes,
macrophages, dendritic cells, and B cells. The primary function of HLA-DR is to present
peptide antigens to the immune system for the purpose of eliciting or suppressing T-
(helper)-cell responses, eventually leading to the production of antibodies against the same
peptide antigen. HLA-D/DR-controlled antigens play an essential role in the cell-to-cell
interactions required to generate an immune response [94,95].

The biosynthesis, trafficking, and recycling of HLA-DR are regulated by multiple fac-
tors affecting cell surface expression. Consequently, the tightly regulated level of HLA-DR
expression on the surface of monocytes is thought to be an indicator for monocyte function
and the state of the immune response, with high levels of mHLA-DR associated with
enhanced antigen presenting capacity and immune activation, and low levels associated
with immune suppression.

3.1. Measurement of mHLA-DR

Several reviews [67,96,97] have emphasized the importance of flow cytometry as an
indicator of immune function in clinical practice. The unit of measurement of HLA-DR
via flow cytometer can be the percentage of HLA-DR positive monocytes (%), the mean
fluorescence intensity (MFI), the fluorescence unit relative to the monocyte population
(RFU), or antibodies per cell (AB/c). Due to the dynamic nature of HLA-DR expression
and recycling, it is critical that measurement of expression is standardized. We support the
process published by Docke’s and Monnaret’s groups [98–100], which have been widely
tested and published and appear to result in a strong correlation between transcription and
cell surface expression of mHLA-DR. It should be highlighted that a percentage of HLA-
DR+ monocytes less than 30% or values of AB/c below 5000 represents immunoparalysis,
and values greater than 80% or 15 000 AB/c indicate immunocompetence [99]. The critical
features for the sampling and measurement of mHLA-DR from human plasma samples are
summarized in Figure 2.

Figure 2. Measurement of mHLA-DR expression. (A) Measurement of mHLA-DR expression and
requirements for sample handling procedures [97–101]. (B) Relationship of units of mHLA-DR
expression to different measurement methods.
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3.2. Regulation of mHLA-DR Expression

The transcription of mHLA-DR is complex and heterogeneous, mediated by a series
of conserved cis-acting regulatory promoter elements and interacting transcription fac-
tors [102]. Among these, class II transactivator (CIITA) is the master regulator of HLA-DR
transcription [103]. Polymorphisms of CIITA promoter are associated with decreased
mHLA-DR expression in patients with septic shock [104]. Besides biosynthesis, the ex-
pression of mHLA-DR can be post-translationally regulated by exocytosis, stability, and
recycling. The class II-associated Ii peptide (CLIP), generated from cleavage of CD74 (MHC
class II invariant chain, Ii) via members of the cathepsin family, is critical for the transport
of HLA-DR to the cell surface [105]. In CD74 knockout mice, MHC II molecules are mainly
retained in endoplasmic reticulum with reduced levels on the cell surface [106]. Reducing
CLIP generation by blocking cysteine protease activity reduced surface MHC II expression,
including HLA-DR to 60% on human monocytes in steady state [107]. HLA-DM, the key
accessory molecules in the MHC class II loading compartment, catalyzes the dissociation of
CLIP in exchange for more stably binding peptides [108]. MHC II molecules on the cell sur-
face are normal in amounts but mainly loaded with CLIP in HLA-DM-deficient mice [109].
HLA-DR loaded with high-affinity peptides are postulated to be more stable than those
with CLIP, indicating the role of HLA-DM in regulating mHLA-DR expression [107]. Of
note, surface HLA-DR could be internalized, exchanged from lower affinity peptides into
other peptides, and rapidly recycled back to the cell surface [110]. In summary, expression
of mHLA-DR is finely regulated by multiple steps, including biosynthesis, peptide-loading
via cathepsin-induced CLIP and HLA-DM, vesicular transport to the cell surface, and
recycling (Figure 3).

 
Figure 3. Regulation of mHLA-DR expression. Figure referenced from [105,111]. The transcription of
HLA-DR is tightly regulated by a set of cis-acting regulatory promoter elements and transcription
factors. Class II transactivator (CIITA) is the master transcriptional regulator. The α- and β-chains of
HLA-DR assemble in the endoplasmic reticulum (ER) and then bind with the invariant chain (Ii). The
Ii–HLA-DR complexes transport through Golgi complex to the MHC class II compartment (MIIC),
directly or via the internalization of the plasma membrane. Ii is degraded into class II-associated Ii
peptide (CLIP) via members of cathepsin family. In the aid of chaperone HLA-DM, CLIP is exchanged
for antigen peptide. Peptide-HLA-DR complexes are then transported to the plasma membrane
for further T cell activation. Interfering with the expression and activity of CIITA, Ii, cathepsins,
HLA-DM, as well as the associated vesicle traffic, all result in alteration of the mHLA-DR expression.
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Multiple pro- and anti-inflammatory cytokines are reported to dynamically control the
expression of mHLA-DR [112]. The main mechanisms of cytokines modulating HLA-DR
expression are summarized in Table 1. However, the detailed regulatory mechanisms of
various cytokines on mHLA-DR expression remain largely unknown.

Table 1. Cytokine Modulation of HLA-DR Expression.

Cytokines HLA-DR Expression Regulatory Mechanisms References

IL-10 ↓ Downregulation of CIITA; Altering vesicular
traffic of HLA-DR in exocytosis and recycling [112,113]

TGF-β ↓ Inhibition of CIITA and downregulation of
HLA-DR transcription [114,115]

IFN-β ↓ Downregulation of CIITA [116]

IFN-γ ↑ Promotion of HLA-DR and CD74 transcription [117,118]

GM-CSF ↑ Promoting exocytosis and reducing
internalization [119]

TNF-α, IL-1 ↑ Boosting biosynthesis and stability of HLA-DR
increasing half-life from about 10 h to over 100 h [120]

IL-4 ↑ Upregulation of CIITA [113]
Abbreviations: IL, interleukin; CIITA, class II transactivator; TGF-β, transforming growth factor-beta; IFN,
interferon; GM-CSF, granulocyte-macrophage colony-stimulating factor; TNF-α, tumor necrosis factor-alpha.

4. The Role of mHLA-DR in AP and COVID-19

Monocytic HLA-DR expression alters dynamically in response to the variation of
immune responses in the body during the disease course of AP and COVID-19. Evaluating
the dynamic expression of mHLA-DR provides indicative information for diagnosis and
prediction of disease severity, infectious complications, and prognosis (Figure 4).

 

Figure 4. Immune response in AP and COVID-19. Figure referenced from [121,122]. Pro- and
anti-inflammatory response are both activated after acute insults of either AP or COVID-19. The
initial generalized inflammation is individually heterogeneous. Patients with less intense generalized
inflammatory response may survive and restore the immune balance. When inflammation markedly
outpaces anti-inflammation, monocytes are hyperactivated, leading to increased systemic release of
pro-inflammatory cytokines and resulting in systemic inflammatory response syndrome (SIRS). This
cytokine storm and hyperinflammation is associated with multiple organ failure (MOF) and mortality
in AP and COVID-19. Conversely, compensatory anti-inflammatory response syndrome (CARS)
happens when the anti-inflammatory response is overwhelming. mHLA-DR is an indicator of this,
and expression below 15,000 AB/c or 80% characterizes immunosuppression and below 5000 AB/c
or 30% characterizes immunoparalysis. In addition to pronouncedly reduced mHLA-DR expression,
monocytes are deactivated with TNF-α production upon lipopolysaccharide (LPS) stimulation in
CARS. Lymphocytes are depleted, accompanied by a massive release of anti-inflammatory cytokine.
This dysregulated and persistent immunosuppression contributes to MOF, death, and infections.

231



Int. J. Mol. Sci. 2023, 24, 3246

The expression of mHLA-DR on admission was downregulated in AP patients com-
pared to healthy controls; it further decreased on days 1 and 2 with differential degrees
depending on severity [123–125]. While mHLA-DR expression recovered rapidly at day 3
and became normal after day 7 in less severe patients, it persisted at low levels for 1–2 weeks
in more severe cases [124,126]. Indeed, mHLA-DR expression displays an inverse relation-
ship with severity throughout at least the first three weeks of disease [127], with the lowest
expression of mHLA-DR in SAP consistently recorded between 48 and 72 h of disease
onset [127,128].

Overall, mHLA-DR expression either increases or decreases slightly in mild COVID-19
patients compared with healthy controls [129,130]. However, a marked and persistent
decrease in expression is described in severe/critical COVID-19 patients in most stud-
ies [129,131–140]. The immune response to severe COVID-19 can be categorized into
three groups according to the kinetics of mHLA-DR expression: (i) hyperactivated mono-
cytes/macrophage phenotype (persistently high mHLA-DR > 30,000 AB/c)—strongly
associated with mortality; (ii) prolonged immunodepression (persistently low mHLA-DR
< 15,000 AB/c after days 5–7)—strongly correlating with secondary infection; (iii) tran-
sient immunodepression (early mHLA-DR < 15,000 AB/c, rising above 15,000 AB/c after
5–7 days)—at risk of secondary infection [141]. Patients with acute respiratory distress syn-
drome (ARDS) secondary to COVID-19 exhibit either immune dysregulation evidenced by
very low mHLA-DR expression (i.e., lower than 5000 AB/c) and depletion of lymphocytes,
or macrophage activation syndrome characterized by elevated ferritin, where associated
HLA-DR levels might be reduced [142], or comparable to healthy controls [143]. Expres-
sion of mHLA-DR may be able to provide some information on disease course and has
been observed to normalize upon recovery from critical illness in patients with COVID-19
(from 1–3 days to over 10 days after admission), but continued to fall in a patient who
died [136]. Critically ill COVID-19 patients with long hospital stays (>25 days) presented
with a more profound reduction in mHLA-DR expression than patients with short hospital
stays (<25 days) [140]. Furthermore, convalescent COVID-19 patients exhibit mHLA-DR
levels which are higher than those of healthy controls at 6 months, and equal to healthy
controls at 9 and 12 months following discharge from the hospital [140,144].

The reduction of HLA-DR expression in COVID-19 patients has been reported in
both classical monocytes [144,145], as well as intermediate monocytes and/or non-classical
monocytes [132,146,147], although usually in one group or the other, depending on the
respective study. Classical monocytes are the first peripheral immune cell type to recover
HLA-DR positivity during the recovery of critically ill COVID-19 patients [148].

4.1. Severity Prediction Using mHLA-DR in AP and COVID-19

The predictive values of mHLA-DR for severity and mortality of AP and COVID-19
are summarized in Table 2.
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MHLA-DR expression is inversely correlated with surrogate biochemical markers of
severity (C-reactive protein [CRP], TNF-α, and IL-6) [127,128,154–157], clinical scoring sys-
tems (Ranson, Acute Physiology and Chronic Health Evaluation II [APACHE II], and MODS
criteria) [128,154,157,158], and actual severity of AP [125,127,128,150,151,156,158–160], and
AP patients with low mHLA-DR expression had approximately 2.7 times longer ICU stays
than those with normal expression [159]. HLA-DR expressed on classical monocytes was
able to distinguish cases of mild from MSAP/SAP and SAP from MSAP on admission [160].
Indeed, mHLA-DR expression on admission, days 2 and 5 all have been shown to have
predictive value for SAP [150] and/or the subsequent development of organ failure(s) [151].

The utility of mHLA-DR to predict mortality in AP is more controversial. While several
studies have reported differences in mHLA-DR expression between survivors and non-survivors
on days 7 [124,128] or 10 after admission [152], others found no difference [127,158,161]. These
results might be explained by the differences in the design of the respective clinical studies,
or by the heterogeneous and dynamic immune response in the study populations.

Despite one study finding that mHLA-DR expression was irrelevant to severity of
COVID-19 [146], most studies demonstrate an inverse relationship [135–137,139]. Low
or very low mHLA-DR expression has been described in association with ARDS [162],
severe respiratory failure [142], thrombocytopenia, increased antibiotic requirements, and
need for extracorporeal membrane oxygenation [134,135,142,153,162]. Similarly to AP,
lower levels of mHLA-DR expression correlated with length of hospital stay [140], SOFA
score [153], and serum clinical biochemical parameters including D-dimer, lactate dehy-
drogenase, CRP, procalcitonin, ferritin, IL-6, IL-10, granulocyte colony-stimulating factor,
chemokine C-X-C motif ligand 10, chemokine C-C motif ligand 2 (CCL2), and IFN-γ
levels [135–137,144,147,153,163]. Although overall mHLA-DR expression does not appear
to differ between survivors and non-survivors [141], the lowest levels of mHLA-DR expres-
sion can be observed in patients with COVID-19 who died in the ICU [84]. The proportion
of mHLA-DR+ monocytes was also lower in deceased COVID-19 patients compared with
time-matched controls [164]. Expression of mHLA-DR recovers with clinical improvement
but continues to fall in patients who do not survive [134,144].

4.2. Prediction of Infectious Complications using mHLA-DR

MHLA-DR regulates the interplay between innate and adaptive immunity and repre-
sents an overview of an organism’s capacity for antigen presentation, cytokine production,
and phagocytosis [165]. HLA-DR downregulation is not only limited to the blood com-
partment but can also be observed in lymphatic tissue [166]. With standardization of flow
cytometry-based measurement of mHLA-DR, a multicenter comparison of obtained results
becomes feasible [98]. Therefore, mHLA-DR is now the most frequently utilized biomarker
for assessing the development of immunosuppression in critically ill patients, including
sepsis, stroke, trauma, and burns [167]. Following the rationale of immunosuppression in
severe critical illnesses, mHLA-DR expression levels are predictive of septic complications
in AP and COVID-19 using values shown in Table 3.
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Failure of the intestinal barrier function is often thought to be responsible for the dys-
regulated systemic inflammation in AP [126,168]. The proportion of HLA-DR+ monocytes
correlated negatively with measures of small intestinal permeability, including the urinary
lactulose/mannitol ratio and D(-)-lactate concentrations [126]. AP patients with infectious
complications, including sepsis or infected pancreatic necrosis, had lower HLA-DR expres-
sion which recovered at a slower rate than those without [127,128,150,152,154,157,169–171].
The relative risk of developing infected pancreatic necrosis in AP patients with low mHLA-
DR expression that persisted into the second week of illness was 11.3 (1.6–82.4) [170], and
persistently low HLA-DR levels have even been shown to be related to multidrug resistant
infection [171]. This ability to identify patients with infectious complications early was as
good or superior to routine biochemical markers and clinical scoring systems including
CRP and APACHE II [152]. Therefore, a persistently low expression of mHLA-DR might be
an effective and reliable indicator of potentially lethal infectious complications in patients
with AP that could perhaps be used to identify patients who might benefit from early
antimicrobial therapy.

As in AP, persistently low levels of mHLA-DR expression are associated with sec-
ondary infection in COVID-19 patients [172]. COVID-19 patients who developed secondary
bacterial infections exhibit lower levels of mHLA-DR expression than those without at
all time points (days 1, 4, and 7 [173], days 5–7, days 8–10 [141]). MHLA-DR expression
(AB/c) on days 0–3 and on days 7–10 have been shown to predict secondary infection in
COVID-19 patients in the ICU [134].

4.3. Regulation of mHLA-DR Expression in AP and COVID-19

Both pro- and anti-inflammatory cytokines, including TNF-α, IL-6, IL-8, IL-10, and
IL-1RA1, can downregulate—and correlate inversely with—mHLA-DR expression in AP
patients [156,160]. IL-6, IL-8, IL-10, and IL-1RA1 inhibit HLA-DR expression on classical
monocytes in vitro [160]. TNF-α enhances IL-10 production of monocytes in vitro and
downregulates levels of HLA-DR, even in the presence of anti-IL-10 monoclonal antibodies,
demonstrating inhibition of mHLA-DR expression via an alternate pathway [156].

The regulatory mechanisms of reduced mHLA-DR expression in severe/critical
COVID-19 patients are less well understood, but IL-6 and IL-10 are similarly thought
to be possible drivers to reduce mHLA-DR expression in the disease. MHLA-DR expres-
sion was strongly reduced by plasma from COVID-19 patients with immune dysregulation
but not healthy controls [130,142]; the effect could be partially restored by the addition of
the IL-6 blocker Tocilizumab [142]. The highly expressed cytokines in COVID-19 patients
included IL-10, IL-6, IL-7, TNF-α, IFN-α, CCL2, and CCL4, but only incubation monocytes
with IL-10 downregulated HLA-DR expression [130].

The altered cytokine profiles in sterile or infectious inflammatory diseases including
AP and COVID-19 are dynamic and complex, which may affect mHLA-DR expression
synergistically or antagonistically. Future studies are needed to investigate the precise
role of cytokines in regulating mHLA-DR so as to develop potential therapeutic targets in
immune regulation.

4.4. Monocytic Myeloid-Derived Suppressor Cells

A proportion of circulating HLA-DR−/low monocytes seen in both AP and COVID-19
patients have been identified as CD14+CD11b+HLA-DR−/lowCD15− monocytic myeloid-
derived suppressor cells (M-MDSCs); these cell types may cloud earlier studies on the
topic, as they could be misidentified as HLA-DR−/low classical monocytes [174–176]. M-
MDSCs are characterized by their potent immunosuppressive effects on other immune cells,
especially T cells, through various mechanisms including secretion of arginase-1 (Arg-1),
and inducible nitric oxide synthase, production of reactive oxygen and nitrogen species,
secretion of cytokines including TGF-β and IL-10, and induction of regulatory T cells [175].

The proportion of M-MDSCs in peripheral blood mononuclear cells correlates with
AP severity as reflected by plasma CRP levels, APACHE II score, and length of stay [174].
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Increased levels of Arg-1 and ROS can further be observed in AP patients, especially those
with a severe clinical course [174]. Similarly, expansion of M-MDSCs was reported together
with increased Arg-1 activity in plasma, and these are associated with severity and fatal
outcome in COVID-19 patients [175].

Therapeutic approaches aimed at reducing the number, function, and accumulation
of M-MDSCs might improve the suppressive state of the immune system and improve
complication-free survival in both SAP and severe/critical COVID-19 patients.

5. Conclusions and Future Prospects

MHLA-DR expression serves as a useful biomarker for immune (dys)function in
patients with AP and COVID-19. The measurement of patterns and dynamics of mHLA-
DR expression in both these diseases can help clinicians to determine the severity and
prognosis, and perhaps guide timing and selection of therapy. Monitoring mHLA-DR
expression appears to help identify and differentiate patients at higher risk of secondary
infections associated with poor outcomes. While immunosuppression in general is thought
to represent later stages of both diseases, in actual fact, time course and immune responses
can be highly heterogeneous and variable [127,177]. MHLA-DR modulation occurs over
several days [178], necessitating multiple, consecutive mHLA-DR measurements following
a standardized assessment procedure of flow cytometry in patients from point of admis-
sion. MHLA-DR measurement should be prioritized for patients with clinically severe
presentations with rapidly worsening organ dysfunctions or who are in need of invasive
treatments or are at high risk of infectious complications with poor prognosis [179–181].

Examples of potential mHLA-DR-directed interventions that could find utility in AP
and COVID-19 include several immunostimulatory agents, including IFN-γ [155,182–184],
recombinant IL-7 [185], and granulocyte-macrophage colony-stimulating factor [155]. Thy-
mosin alpha 1 (Tα1), a peptide hormone used to stimulate the T-cell mediated immune
response, has been tested in patients with predicted for necrotizing pancreatitis (presumably
immunocompromised), but results are so far disappointing [186]; thus far, there has been no
demonstrable reduction in the incidence of infected pancreatic necrosis, new-onset organ
failure, or any other complications. Defining immunosuppression, for example, by using
the measurement of mHLA-DR expression to guide participant selection and/or tailor the
treatment dose, may be required to demonstrate effective immune-stimulatory therapy.

The complex and highly variable immune alterations seen in severe acute inflam-
mation and infection warrant stratified immunotherapy. MHLA-DR expression provides
supportive information in determining the timing and strategies of individual immune
treatments, including anti-inflammatory, immune-stimulatory or immune-modulatory
agents at different disease stages, something that has been demonstrated in both acute
pancreatitis and COVID-19. The emergence of a new global pandemic disease has provided
valuable insights into the mechanisms of a long-established illness, with considerable po-
tential to draw insights into one disease from the other. There is a need for a simple, cheap,
and effective universal immune assessment tool, combining mHLA-DR with established
clinical markers of disease severity and possibly other circulating immune cell profiles to
aid assessment of the disease course of illnesses with a systemic inflammatory component
in order to predict outcomes and to guide treatment decisions.
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